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ABSTRACT
A experimental study was conducted to assess the performance of displacement ventilation in high-
ceiling facilities found in North America. Such areas include commercial and industrial
manufacturing facilities often featuring high internal heat loads and contaminants associated with heat
sources. These areas can range from 5 to 20 meters in height. Very little performance data exists for
displacement ventilation installations in high-ceiling areas, particularly any which account for the
influence of wall temperature. More performance data is needed to support design guidelines for
displacement ventilation in such buildings.
In this study, several experiments were conducted in a room equipped with both a high ceiling (6.5
meters) and a displacement ventilation system. The performance of the system in the presence of a
variety of modeled loads was evaluated by use of strategically placed temperature, tracer gas, and
velocity measurements. The modeled loads consisted of traditional person, computer, and lighting
loads found in offices as well as simulators constructed to represent generic welding, engine exhaust
and control panel enclosures in a manufacturing environment. Wall, floor, and ceiling temperatures
were recorded in these experiments. The resulting data has been used to judge the suitability of
displacement ventilation for a building equipped with each process. These experimental results are
also used to test existing guidelines for displacement ventilation.
Walls in this high ceiling room were found to have significant impact by generating large plume flows
and contributing substantially to the total radiative incident loading to the floor. Experimental results
could not justify the use of a constant temperature gradient assumption to estimate the temperature
difference between head and foot levels. Plume modeling was found to work well in estimating the
room stratification heights. Distance from the supply diffusers was found to have an impact upon air
temperature near the floor as well as the temperature difference between the head and foot levels. A
five node temperature model was found to work quite well in predicting five key temperature values
in this high ceiling space. A design guideline was proposed for displacement ventilation in high
spaces which incorporates the five node temperature model, plume modeling, and the fractional
coefficient method. Results of the experimental data are being used to validate a CFD program
previously validated for small office and classroom simulations with a ceiling height of 2.4 meters.
Thesis Supervisor: Leon R. Glicksman
Title: Professor of Building Technology and Mechanical Engineering
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NOMENCLATURE
ach air changes per hour [hr']
A area [m2
Ar Archimedes number, gphAT/us2
C dimensionless contaminant concentration [-]
c contaminant concentration [ppm]
C, specific heat at constant pressure [J/(kg K)]
d hydraulic diameter of a heat source [im]
g gravity [m/s2]
H height of room [in]
h heat transfer coefficient [W/m 2K]
Q heat source or cooling load [W]
q heat flux [W/m 2]
R thermal resistance [m2K/W]
s vertical temperature gradient [0C/m]
T temperature [0C]
t time [sec]
U dimensionless velocity [-]
u velocity [m/s]
V volumetric flow rate [m 3/hr]
Greek Symbols
gas thermal expansion coefficient [K4]
A difference
0 dimensionless temperature, (T - Tsup)/(Te, - Tsup) [-]
p density [kg/M 3]
Subscripts
a air
c ceiling or convective (subscript to heat transfer coefficient)
exh exhaust
f floor
sup supply
r radiative (subscript to heat transfer coefficient)
tot total
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INTRODUCTION
1.1 Objective of this Research
Displacement ventilation found its first use in industrial settings as a method to effectively control
smoke and fumes generated by welding processes. By supplying cool air at the floor level, hot
processes which generate contaminants such as welding will emit buoyant plumes that rise toward the
upper region of the space. Here, the warm, polluted air is exhausted from the building. There are
several key benefits to this ventilation technique in industrial settings. They include energy efficiency
by easily accommodating economizer cycles and a high level of air quality in the occupied region near
the floor.
Displacement ventilation works so effectively that in a little over a decade it accounted for 50% of the
market share in industrial applications in Nordic countries. Application of displacement ventilation
soon carried over into comfort applications, where similar performance with respect to air quality and
energy efficiency were sought. A bulk of the research on displacement ventilation to date has focused
on comfort applications. Comfort applications can vary dramatically from industrial applications in
the following ways:
1) Heat sources are generally smaller and of lower surface temperature and energy output in
comfort applications.
2) Space temperatures are more tightly controlled in comfort applications.
3) Draft sensitivity is greater in comfort applications, particularly in the ankle region of seated
occupants.
4) Ceiling height and room volume in comfort applications tends to be much smaller.
The nature of most comfort applications involve offices, classrooms, restaurants and the like. These
spaces tend to have relatively low ceilings. This combined with the inherent difficulty in obtaining a
large space equipped with displacement ventilation in which to take measurements has resulted in
very little data being available for large spaces with high ceilings. Furthermore, even less
performance data exists for high spaces that assesses the impact of wall temperature. According to
Mundt (1996), more measurements are needed in large spaces in order to evaluate the applicability of
current design models.
This study will assess the performance of a displacement ventilation system installed in a high space
under a variety of load conditions. These load conditions will include simulations of common office
layouts found in comfort applications as well as loads more typical of a light manufacturing
environment. The experimental study will include air and wall, floor, and ceiling surface temperature
measurements, air velocity, and tracer gas measurements. The measured data will be evaluated
against current design guidelines to assess their applicability to high ceiling areas. An important use
of this data will be for the validation of a Computational Fluid Dynamics program. Examples from
this validation are included here.
1.2 Mixing Ventilation
Mixing ventilation has been the most popular method of air distribution since the advent of
mechanical building ventilation systems. In this system air is introduced into the room at high
velocities with the intention of inducing a large circulation of room. In cooling applications, supply
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diffusers must be selected to deliver the proper throw distance in a space away from the room's
occupants. This ensures that the cool supply air jet has adequate time to entrain warmer room air
before directly impacting people.
Mixing ventilation has several positive characteristics. Air temperatures tend to be quite uniform,
which tends to be quite an advantage compared to displacement for air near the floor level. Mixing
ventilation can perform winter heating without the need in many cases for a secondary perimeter
heating system. Mixing ventilating is well suited for environments containing explosive vapors, as
uniform dilution is preferred to predictably keep combustible gases below their lower explosive limit.
The governing equation for the exchange of energy between a room and its ventilation system can be
shown as:
Qtotal = Cp (Texh - Ts (1.1)
where Qtotai = the amount of energy removed from the room (W)
V = the room's ventilation rate (m3/s)
For spaces with sizable internal heat loads, a mixing system will generally require a smaller
ventilation rate since it can operate at large temperature differences (20-25'C) between the supply and
exhaust. This has favorable first cost advantages for air handling unit and ductwork sizing and also
fan energy cost advantages.
The same mechanism in mixing which produces even air temperatures also distributes contaminants
evenly. This is illustrated on the following page in Figure 1.1. The momentum carried by the air
currents generated by mixing quickly destroy all but the strongest thermal plumes which are naturally
generated by warm surfaces. This represents a lost opportunity to control contaminants associated
with these warm sources by not taking advantage of buoyant forces that carry the plumes out of the
occupied zone. These same air currents also tend to increase the capture velocity requirements for
hoods on dedicated exhaust systems. The risk of draft also occurs in mixing systems when heavy heat
loads are encountered and Ts., from Eq. 1.1 must be lowered to maintain a comfortable room
temperature. With such low air supply and exhaust temperatures, mixing ventilation also takes poor
advantage of economizer cycles and higher chiller efficiencies at warmer supply water conditions.
This results in higher first costs with chiller plant and piping costs and well as increased chiller and
pump energy costs.
Fig .re .... Ai ..str.b--i---- a 4 M ix.ng..enti.ati.....sta..ati.I..N ......
........ ....
..........  .
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1.3 Displacement Ventilation
Displacement ventilation is a method of ventilation that began to establish viability during the early
1970's in Scandinavian countries. The premise behind displacement ventilation is quite simple and is
illustrated in Figure 1.2.
V -
Figure 1.2: Air Distribution in a Displacement Ventilation Installation
Cool supply air is delivered to the room at the floor level at very low velocities to avoid the
entrainment of room air near the diffuser. The supply air flows along the floor where it is drawn
toward warm objects which produce warm, buoyant plumes of air that are projected upward. As room
air is entrained by the upward movement of the plumes, the air in the room is slowly "displaced"
upward to replace it. Air entrained in the plume will be carried upward to what is referred to as the
stratification level. The stratification level is best described as the elevation in the room where the
room ventilation rate equals the sum of the volume flows for each thermal plume. A more detailed
discussion of this is found in Section 2.2 entitled "Plumes". Above the stratification level, the
temperature gradient becomes less steep as some recirculation of air occurs. Airborne contaminants
entrained in plume flows will also tend to collect in this region. Below the stratification level, the
temperature gradient tends to be more steep. When contaminants are associated with heat sources,
the contaminant concentration in most of the room is similar to that of the supply air. The room
exhaust is located toward the ceiling and collects the warm air from above the stratification level.
Air traveling along the floor away from the diffuser will be heated somewhat by the floor. This has
implications on supply diffuser spacing.
What are contaminants? A great majority of the air contaminants encountered in everyday offices,
conference rooms, schools, and factories emanate from sources warmer than room air temperature.
Examples are numerous but include cigarette smoke, human perspiration and associated odors,
cooking odors, bacteria, viruses, and excessive carbon dioxide associated with human exhalation. In
industrial facilities the range of possible contaminants is as varied as the processes carried out within
these buildings. Common examples may, however, include fumes associated with hot processes, oil
mist, and smoke. It is widely known that most dedicated exhaust systems for the removal of process
contaminants are not 100% efficient in their capture. Many times contaminant generating processes
are too intermittent or too sparsely located to justify the installation of dedicated exhaust systems for
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contaminant removal. In these cases where warm contaminants are the issue, displacement
ventilation has great viability and practicality. On the other hand, mixing ventilation operates by
design to dilute the concentration of the contaminants in air by operating at an prescribed ventilation
rate. Typically, at a given ventilation rate, displacement will provide cleaner air in the occupied zone
than mixing if contaminants are entrained in plumes.
Contaminants not handled well in displacement ventilated environments will generally include
thinners, solvents, gasoline vapors, V.O.C.'s, and odors emanating from trash or recycling
receptacles. These contaminants in their gaseous state are either more dense than air at room
temperature or are released to the room at a lower temperature, causing them to collect near the floor
level. Airborne particulates such as dust normally small enough to be entrained in a mixing
ventilation flow, may settle out onto room surfaces.
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LITERATURE REVIEW
2.1 Air Temperature Distribution
Much data has been collected and published on the topic of the air temperature profiles in a
temperature stratified room produced by displacement ventilation. A very marginal amount, however,
pertains to areas with high ceilings and a significant amount of wall area. Available data only seems
to reinforce the observation that many factors affect the shape of the temperature profile in a
displacement ventilated room. Significant factors include:
1) Cooling Load
2) Ventilation Rate
3) Nature of Heat Source
4) Position of Heat Source
5) Ceiling Height
6) Wall Surface Temperatures
It is important to gain a qualitative understanding of how changes in any of the above parameters can
affect the air temperature profile of a given space. Of particular importance are temperatures in the
occupied zone of an air space, or from the floor to the 1.8 m elevation. The remainder of this section
will be devoted to illustrating how changes in some of the above factors will alter a room's air
temperature distribution.
Cooling Load/Ventilation Rate
Cooling load and ventilation have a dominant impact on a room's air temperature distribution.
Both quantities are related, as shown in Eq. 2.1 below, which is a simple energy balance for an entire
room:
QtotJVA = pCp (Texh - Tsup) (2.1)
where Qtotai = the total energy input or cooling load of a space (W)
p = air density (kg/m3 )
C, = constant pressure specific heat (W/kg-K)
V = volumetric flow rate of air to the room (m3/s)
Texh = exhaust temperature
TSUP = supply temperature
Figure 2.1 on the following page illustrates qualitatively the change in air temperature profile when
the total cooling load (Qtotai) is increased while the ventilation rate (V) and supply temperature (Tsup)
is held constant. Conversely, the same change in temperature occurs while the ventilation rate is
reduced while holding the cooling load and air supply temperature constant. The figure illustrates
how the temperature profile not only shifts to the right with increasing Qtotai and decreasing V, but is
also spread out over a larger temperature range. This is quite obvious by the room energy balance
equation, as the temperature difference between exhaust and supply must increase to accommodate
such a condition.
I1
Te 
-+
ceiling
The temperature,
profile shifts with
increasing Qtotai and
decreasing V
floor ~ .
TSUP (fixed)
Figure 2.1: Expected Trends of Air Temperature Changes Resulting from Increasing Qtotai or
Reducing V
Position and Nature of Heat Sources
Most common heat sources found in conditioned indoor spaces reject heat through nearly equal
amounts of convection and radiation. This includes sources such as persons, computer monitors,
panel enclosures - generally, sources which are cooled through natural convection and comprise a
significant amount of surface area. Small sources with high surface temperatures will reject a
majority of heat through convection to surrounding air. Conversely, sources with larger surface areas
and relatively low surface temperatures will reject a majority of heat through radiation to the walls,
floor and ceiling. Heat rejection through convection has a direct impact on the room's air temperature
distribution. Heat rejection through radiation, however, impacts air temperature only as a result of
convection from elevated surface temperatures induced upon the floor, walls, and ceiling. Figure 2.2
qualitatively illustrates the influence of heat source radiation and convection on the room's air
temperature distribution. In this figure the heat load, ventilation rate and room supply temperature are
assumed constant.
Texh
ceiling
Qrad >"Qconv
Qconv>Qrad
floor af---C-- af
Figure 2.2: Expected Trends of Air Temperature Profile Changes Due to Heat Source Type
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Figure 2.2 also illustrates another important impact of heat source type which is air temperature above
the floor, Taf. This is shown in the figure along the dashed line denoted "af". Increased radiation
from room objects or warm walls and ceilings impinging upon the floor will raise the equilibrium
floor temperature. The air temperature just above the floor Taf, which is maintained in equilibrium by
floor to air convection and room air supply flow, will also rise accordingly.
Ceiling Height
The impact of ceiling height on Taf has also been observed. Nielsen (1996) generated the chart in
Figure 2.3 based upon experimental results in rooms with ceiling heights ranging between 2.5 and 4.5
m. The chart compares normalized air temperature above the floor to values of Archimedes number
for several different load types in the space. A key observation noted in Nielsen's graph is that 0 af
increases with room height, H, for Ar >40,000. According to this relationship, supply diffuser face
velocity has the most dramatic impact on 0 af. Aside from this research by Nielsen, very little data
exists that accounts for the impact of ceiling height, particularly high spaces.
Oaf 0.
A Oaf =(Taf - Tsup)/(Teh - Tsup)
B Ar g he-Tsup)/usup2
A: Distributed Heat Source
D B: Sedentary Persons
0.4 C: Ceiling Light
D: Point Heat Source
0.2
0.010 20 40 60 100 200 400
ArA10-3
Figure 2.3: Dependence of Air Temperature Near the Floor on Archimedes Number
Wall Surface Temperatures
The air temperature profile in a space can be influenced by wall surface temperatures, particularly in
high spaces. A small temperature difference between a wall and the nearby air can induce a large
amount of convective flow. In a disadvantageous situation where the wall temperature is cooler than
the air temperature, a large down flow of stratified (and possibly contaminated air) from the upper
region of the space will flow downward and mix with air in the occupied zone. Warm walls will
generate an upward plume flow that can comprise a large portion of the total plume flow in the room.
At a given room ventilation rate, this additional plume flow will reduce the height of the stratification
level.
2.2 Plumes
Plume theory has drawn much research interest for the past several decades. The reliable prediction
of plume volumetric flow rates at a given elevation has important implications in the selection of a
flow rate for the displacement ventilation system. Figure 2.4 illustrates an important concept in the
understanding of a displacement system. Plume flows, which are generated by heat sources
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throughout the room, act as the driver for the displacement effect. Plume flows will increase with
height due to entrainment with surrounding air as the flow propagates upward. The air supply volume
to the room (Vsup) essentially acts to "feed" the plume flows. There reaches an elevation, however,
where no more air is available for plume entrainment. This is called the stratification level - the
elevation at which the room's supply flow rate matches the sum of the plume flow rates as expressed
in the following equation:
1sup - rpiumes (y) (2.2)
where y = the height above the floor
Equation 2.2 is obviously idealized as is it is virtually impossible to account for every plume-
generating load in the design of a given space. Some small, neglected loads, however, may be offset
by some re-entrainment of air by the supply diffuser. In Figure 2.4 this could occur beginning at the
stratification level, down the right-hand wall, and finally mixed with the supply air along the floor.
I I
Vwaii(Y) V-person(Y)
LStratification
Level
sup ;
............. ty .... .......
Control
Volume
Figure 2.4: Control Volume for Displacement Ventilation Air Flow
A bulk of the research on plume flows has been for isothermal environments. The models for plume
flow have generally followed that which was proposed by Baturin (1972) which applies for a flat disk
of diameter, D:
O = 0.005Q "(y + y.) 5 1 (2.3)
where y+yo = vertical distance above the "virtual" origin of plume flow, shown in Figure 2.5 (m)
Qc = the convective heat given off by the source (W)
For a concentrated heat source of diameter D, yo in Equation 2.3 can be approximated as 2D. The
following estimates for Q, were later proposed by Nielsen (1993) in the form:
(2.4)QC =kQt
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where QtOtI = the total energy input
k 0.3-0.5 for large machines
k 0.4-0.6 for small components
k 0.7-0.9 for pipes
i i IY
Figure 2.5: Plume Flow Model Proposed by Baturin (1972)
Skistad (1994) proposed a method to predict the plume flow above a vertical cylinder in an isothermal
environment. The technique is based upon bounding the correct flow rate value with minimum and
maximum values. The model, shown in Figure 2.6, also features a "virtual" point source similar to
that of Baturin as well as the same governing equation, Eq. 2.3. Skistad contends, however, that the
location of the virtual origin varies between objects depending upon the development of the vena
contracta in the plume just above the top of the source. The more pronounced the vena contracta, the
lesser the plume flow for any given height, y. The following equations were proposed for the
maximum and minimum cases
Maximum: y = D/(2tanl2.50 ) (2.5a)
y=y 0 +h (2.5b)
Minimum: y0 = (0.8D)/(2tanl2.50 ) (2.6a)
y = yO -D/3+h (2.6b)
where D = the hydraulic diameter of the object (m)
h = the height above the object (m)
Based upon experimental measurements, Skistad reports that the "Maximum Case" showed good
agreement with low-temperature sources, while the "Minimum-Case" showed good agreement with
larger, higher-temperature sources. This observation correlates with the above-mentioned findings
from Nielsen (1993) in Eq. 2.4. Nielsen concluded that heat sources with a large surface area reject
the greatest proportion of heat through radiation. This correlates with Skistad's "Minimum Case" for
convective plume flow.
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Figure 2.6: Plume Flow Model Proposed by Skistad (1994)
Models based upon an isothermal environment may not apply well to the temperature-stratified
environment induced by displacement ventilation. Intuitively, we know that as warm plumes ascend
into a temperature-stratified environment where temperature increases with height, buoyancy will be
reduced as the temperature induced density difference is diminished. Mundt (1992) confirmed this
and proposed the following set of equations to characterize plume flow in an environment with a
temperature gradient:
VL= 0.00238Qc3/ 4s-5/ 8(0.004+0.039y, +0.380y - 0.062y, 3)
y = 2.86(y + yo)Qc _4s3/8
ya=0.98QC1 4s-3/ 8 -yo
(2.7)
(2.8)
(2.9)
where V = the plume's volumetric flow rate (m3/s)
ymax = the maximum height the plume will reach (m)
s air temperature gradient (0 C/m)
Qc= the convective heat emission (W)
y the height above the object (m)
y= the distance below the top of the object to the virtual plume origin (m)
Eq. 2.9 is quite important as it determines if a plume will rise to the level of the stratification layer.
Should a contaminant source plume lack the buoyancy force to carry it up to the stratification level,
the contaminants will be dispersed in the occupied zone.
The following equation to predict the plume flow generated by a wall or other large vertical surface
represented in Figure 2.7 has been proposed by Nielsen (1993):
= 0.0028AT 1 y651 (2.10)
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Z
where V = the total flow rate of the boundary layer at y (m3/s)
y = the vertical distance from the leading edge of the surface (in)
ATw = the temperature difference ('C) between the wall and adjacent air (Tf - Tair)
I= the horizontal width of the wall or surface (m)
This expression assumes a turbulent boundary layer velocity profile which typically occurs for
surfaces greater than 2 meters high at a 10C AT,. It should be noted that stratification is not
accounted for in this expression.
* max,
Tair
y
\/
Figure 2.7: Plume Flow Model Proposed for Walls
Because of the large wall surface area commonly found in high spaces, wall-induced plume flow can
account for a substantial portion of the total plume flow. This expression should therefore be checked
for validity in an environment with a temperature gradient. Kulkarni (1987) developed a numerical
solution for turbulent natural convection flow along a warm wall in a temperature stratified
environment. For a 2.6 m high wall at a temperature of 85'C the boundary layer velocity profiles
found in Figure 2.8 are calculated at the midpoint and the top of the wall for a linear stratification
1.0 I I
NO STRATIFICATSON CASE
0.8 LINEAR STRATIFICATION CASE
TWO-LAYER STRATIFICATION LASE
0.6
T - 300.C K
0.4 X - 2.b. ( - 1.0)
0.2
1. 3 (R-0,
0 0.05 0.10 0.15 ).20 C.25
y (M)
Figure 2.8: Boundary Layer Velocity Profile Under Different Stratification Conditions
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case, a two layer stratification case, and a no stratification case. We are interested here in comparing
the velocity profile of the linear case to the profile of the constant gradient case. By considering an
integration of the area beneath each curve, we see that at either height the difference between the
stratified case and the non stratified case is no more than 5%. Here, a large constant temperature
gradient was employed, which ranged from 275'C at the bottom of the wall to 325'C at the top. At
dramatically less temperature gradients for typical displacement air distributions, this small 5%
disparity should be even less.
2.3 Comfort Issues
Temperature Difference Between Head and Foot
In displacement ventilation the temperature difference between head and foot is inversely related to
ventilation rate along with the associated energy and first costs. To minimize both energy costs and
equipment installation costs, a designer must therefore maximize the temperature gradient in the
occupied zone. There are limitations to this, however, which stem from thermal comfort. Figure 2.9
illustrates the result of research conducted on the impact of temperature differences between head and
feet levels (Olesen et al. 1979). In this study seated occupants at thermal equilibrium inside a climatic
chamber were exposed to higher temperatures at the head level than ankle level. This clearly applies
well to sedentary occupants inside offices, classrooms, restaurants and places of assembly.
Applicability of this chart may be questionable, however, for persons performing more strenuous
activities and/or in the standing position. Examples of such activities may include work in a factory
environment or workshop, athletic activities in a gymnasium, or standing and walking persons in a
lobby. Chen, Glicksman (1998) recommended that the temperature difference between head and feet
not exceed 2 'C for design purposes. This corresponds roughly to 2% dissatisfied in Figure 2.9.
ASHRAE Standard 55-1992 limits the temperature difference between the head and foot levels of a
standing person to 3 'C. This corresponds to a head to foot temperature difference of 3 'C and to
roughly 6% dissatisfied in Figure 2.9. This may be too aggressive for comfort applications with
80
60
40
il
20
Z 024 02
(I)
C~) 6
4
0 2 4 6 6 0 12
AIR TEMPERATURE DIFFERENCE BETWEEN HEAD AND FEET, OC
Figure 2.9: Percentage of People Dissatisfied as Function of Vertical Air Temperature Difference
between Head and Ankles
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seated occupants performing light work. It may be most logical to follow the 2 'C limit for comfort
applications, while allowing up to a 3 'C/m temperature gradient for industrial spaces with standing
occupants performing heavy work. A limited amount research is available on this topic.
Glicksman et al. (1996) proposed the use of low-flow fans at the floor level to locally reduce the
temperature gradient around a sedentary person. Increased motion associated with a standing person
engaged in a more strenuous activity may produce to some degree the same effect.
Draft Risk
Humans in a seated position are found to be more sensitive to draft below the chair level (Wyon and
Sandberg 1990). According to this study, at a velocity of 0.1 m/s, Fewer than 20% of people will
complain of draft if the air temperature is between 21.6 'C and 26.5 'C. This criteria will aid in
assessing the thermal comfort performance of the experimental cases conducted later. Jones et al.
(1986) found that persons with higher activity levels are not as sensitive to draft.
2.4 Design Guidelines
Determining the Temperature Rise Above the Floor
The temperature rise of air above the floor is perhaps the most important parameter to predict in
designing a displacement ventilation system. It is often normalized between the supply and exhaust
temperatures as follows:
Oa Taf Tsup (2.11)
TeXh -TSUP
When a system designer knows the space cooling load, the required ventilation rate, and the desired
temperature and gradient in the occupied zone, the necessary supply temperature TSUP can then be
determined through the use of Oaf The selection of Tsup directly impacts an air handler's chilled water
temperature and chilled water flow requirements. Draft risk associated with the air supply diffusers is
also heavily influenced by supply temperatures. These are very critical parameters in the first cost of
the system as well as in the thermal comfort it provides.
Mundt (1990) developed a simplified formula for determining 0 a. This model assumes that all radiant
energy which contributes to the floor's temperature originates from the ceiling surface. The floor's
incoming radiative energy flux must be balanced by convective heat transfer from the floor surface to
the air. Furthermore, this convective floor heat rejection must be balanced by an escalation of the air
temperature near the floor from Tsup to Taf. These two relationships are given in Eqs. 2.12 and 2.13.
hr c-A(Texh - Tf) hcfA(Tf -Taf) (2.12)
pCP-V(Ta - Tsup) hcfA(Tf -Taf) (2.13)
Eq. 2.12 makes a simplification by replacing ceiling temperature, Tc with exhaust temperature Texh,
which is assumed to be nearly equivalent. Eq. 2.13 ignores any induction of room air into the supply
air flow upon entering the room. Combining Eqs. 2.12 and 2.13 and dividing by
(Tej - Tsup) to normalize yields Mundt's simplified formula:
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Oa Taf sUp (2.13)
Texh sup p Ip+-I±1
A hrcf hcf )
where hrcf, = radiative heat transfer coefficient from ceiling to floor (W/m2 K)
hcf = convective heat transfer coefficient from the floor (W/m 2K)
p = air density (kg/M3)
CP = constant pressure specific heat (W/kg-K)
V = ventilation rate (m3/s)
A = floor area (M2)
In Chen, Glicksman (1998) it was concluded that for spaces with high ceilings, a model more
sophisticated than Mundt's (1990) simplified formula should be used for predicting 0 af. The
simplified model fails to take into account the influence of walls as well as the influence of direct
radiative heat transfer from heat sources to the floor.
Mundt (1996) later extended her model to account for radiative heat transfer from heat sources to both
the ceiling and the floor. The extended model also accommodates exhaust grille locations below the
ceiling where exhaust temperature, Texh, and ceiling temperature, Tc can no longer be assumed similar.
Constant Gradient Model
Until recently design guidelines from various researchers for displacement ventilation have used an
assumption of a constant temperature gradient from the air just above the floor to the exhaust, which
is assumed to always be at the ceiling. Such a model is illustrated on the following page in Figure
2.10. A typical design procedure sets out to determine a ventilation rate V, and a supply temperature
TSUP to maintain a comfortable temperature near the mid-level of the occupied zone. It would include
the following steps:
1) Determine an appropriate OaJ for the space.
This value may be determined from Figure 2.3 or by Mundt's simplified formula.
Alternatively, Skistad (1994) recommends 0.50 for small office applications.
2) Based on a selected Temperature gradient, s, determine the maximum temperature rise
between the air temperature above the floor to the exhaust temperature.
For an office example, a gradient of s = 2 'C/m is chosen. This 2 'C/m gradient model is
extrapolated from the floor to the ceiling height to determine a value for (Texh - Taf). This
calculation would read:
(Teh - Taf) sH (2.14)
This is the step where a substantial error could occur in the design for a high ceiling space.
3) Based upon (Texh - Ta) and 0a/, calculate the room supply temperature, Tu,.
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This equation might look like:
T = T + (2.15)S exh Of -1)
4) Determine Qotai by summing all predicted heat loads for the space. Solve a room energy
balance to determine the ventilation rate, -V.
Re-arranging Eq. 2.1, we obtain:
Q= total (2.16)
Pp(Texh -Tup)
5) Check for an increased ventilation rate requirement for contaminant control.
ceiling
occupied zone
H
-Of
floor
TSUP Taf Texh
Figure 2.10: A Generic Design Model Employing a Constant Temperature Gradient Assumption
Fractional Coefficient Method
Chen, Glicksman (1998) proposed a ten step design approach which reflects features of typical U.S.
buildings such as higher cooling and complex geometry. This approach provides aid in determining
parameters such as ventilation rate, and supply temperature. The steps of this procedure can be
summarized as follows:
1) Judge the applicability of displacement ventilation
Application of displacement ventilation should be considered for spaces with a minimum
ceiling height of 2.4 m and with contaminant sources associated with heat sources. Cooling
loads should not exceed 120 W/m2 . Core regions of buildings are more suited for
displacement ventilation than perimeter areas, which are impacted by additional solar loads
and may also require winter heating.
2) Calculate summer design cooling load
The cooling load should be itemized into the following categories:
Qoe - loads located directly in the occupied zone such as people, PC's, machinery (W)
Q, - load due to overhead lighting (W)
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Qex - heat conduction through the building envelope and transmitted solar radiation (W)
3) Determine the ventilation rate requiredfor summer cooling
Equation (2.13) below applies fractional multipliers to the three cooling load categories to
estimate what portion of the total cooling load is released to the room air between the head
and foot level through convection. Via energy balance, this value determines the minimum
flow rate required to maintain a predetermined temperature difference through this space.
1
=V, (aoeQoe +a1Q1 + aeQx) (2.17)
PCPAThf
where Vh = room ventilation rate for summer cooling (m3/s)
AThf = temperature rise between head and feet = 2 'C
aoe, a,, and ae, = 0.295, 0.132, and 0.185, respectively. These are fractional coefficients
which, when multiplied by their respective cooling load categories, determine the portion of
the total room load that enters the space between the head and feet of a sedentary occupant.
4) Determine the ventilation rate offresh air requiredfor acceptable indoor air quality.
Use the ASHRAE Indoor Air Quality Standard 62 (ASHRAE 1989) to determine the
minimum ventilation rate required for indoor air quality. Since this value is based on
mixing ventilation systems with a ventilation effectiveness, 11 of 1, the ventilation rate may
be reduced due to a greater ventilation effectiveness anticipated for displacement
ventilation. The ventilation effectiveness is determined by:
q = 3.4(1 - e 0.28 )(Qoe +0.4Q, +0.5Qex)'Qtota (2.18)
where l = ventilation effectiveness at the breathing level (-)
n = ventilation rate (ach)
The ASHRAE recommended rate can then be adjusted by the following:
-V- 4,/(2.19)
where Vf = fresh air ventilation rate for displacement ventilation (m3/s)
Vr = recommended flow rate required by ASHRAE Standard 62
5) Determine the ventilation rate
Establish V, the greater of V1, and Vf as the room ventilation rate. Note that it V=V, the
system must operate on 100% outside air.
L = max{ j, $} (2.20)
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6) Calculate the supply air temperature
The supply air temperature for the space is determined in the same manner as with the
Constant Gradient Model. The dimensionless air temperature rise above the floor can be
determined by Mundt's formula (1990) as expressed in equation (2.13). The non-
dimensionless air temperature above the floor can be expressed as:
Taf = Th - AThf (2.21)
where Taf = air temperature above the floor surface ('C)
Th = the design air temperature for the occupied zone ('C)
AThf will need to be recalculated if V > -V by:
AThf = (0.295Qoe +0.132Q +0.185Qex) (2.22)
pCP-V
Finally the supply temperature, Tsup may be determined as follows:
T = Taf - O Qtotal. (2.23)
7) Determine the ratio offresh air to supply air, r1
This is simply establishing as a percentage of V, the percent of fresh air contained in the
supply air stream. This value is dependent upon the use of the space. For a laboratory with
hazardous chemicals, rf will be 100% while for a common office environment, rf will be
minimized to decrease energy costs.
8) Select the air supply diffuser(s)
The maximum recommended face velocity for a displacement supply diffuser is 0.2 m/s.
Any greater velocity will raise draft risks and also induce mixing. A few simple rules are
recommended in regards to diffuser selection:
= Avoid placing diffusers near large obstacles
= The diffusers should be placed along walls opposite exterior walls/windows.
= Rather than dramatically increasing diffuser size, a greater number of diffusers is
recommended for spaces with high internal loads.
9) Contend with a winter heating situation
A displacement ventilation system will not function properly if the supply temperature to a
space, TSUP is greater the temperature to be maintained in the occupied zone, Th. Because of
the low velocity to avoid mixing, warm air discharged from a displacement diffuser will rise
quickly toward the ceiling, leaving the occupied zone unheated.
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A secondary heating system is necessary to neutralize the loss of energy through the
building envelope, while still allowing the displacement effect to take place in the occupied
zone of the room. Perimeter heating devices such as hydronic baseboard heat, steam
radiators, and overhead radiant heating systems a generally recommended. Heating capacity
should be slightly larger than the anticipated heat loss through the building envelope to
ensure that wall surface temperature remains warmer than ambient air.
10) Estimate the first costs and annual energy consumption
This step should be performed when drawing comparisons between a mixing system for a
particular climate.
It needs to be noted that this design method has been validated for small offices and classrooms with
relatively low ceilings. The robustness of this method and in particular, the weighting coefficients ace,
a,, and aex are yet to be proven for spaces with high ceilings and large wall surface areas.
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EXPERIMENTAL STUDY
3.1 Test Facility
The "test" room shown in Figure 3.la and b on the following page is a conference room belonging to
MIT's Urban Planning Group under the Department of Architecture. In a recent renovation, the room
as well as the rest of the complex was outfitted with a variable-air-volume displacement ventilation
system. Being a conference room with heavy usage, one of the challenges in collecting data was to be
minimally-invasive to any of the room's mechanical, electrical or computer systems as well as
minimally disruptive to users of adjacent spaces.
Dedicated variable air volume (VAV) boxes control various zones throughout the complex. One
VAV box is dedicated to the air volume control of this test room. The box's controls were set to
provide the room with roughly a constant 3 air changes per hour throughout the duration of each test.
This is the maximum airflow that the system can provide in a stable manner. The test room's exhaust
could not be directly controlled as easily as the supply. The central air handler's variable air volume
return fan was the only means to regulate the exhaust flow from the room as the exhaust system
balance could not be changed for test purposes. In order to ensure a reasonably balanced test room,
visual smoke tests were performed near door openings and mass and energy balance calculations were
completed. In all but one test was room's air balance acceptable for reliable data results for
displacement ventilation.
The test room is an interior space with no outside walls or windows. The North, South and East
(front) walls are adjacent to other spaces in the complex also conditioned with a displacement system.
The West wall, however, is adjacent to a hallway which is conditioned minimally by another system.
Conditioned spaces border the test room both above the ceiling and below the floor. The supply air is
delivered from two opposing diffusers, while a single exhaust grille is located overhead toward the
right on the layout at a height of 5.0 m. The room is 6.5 m high. Three rows of fluorescent lighting
fixtures are located 3.8 m above the floor and run East to West. Two large sound-absorbent ceiling
panels are suspended from the room's ceiling and are located at 4.0 m above the floor. Each consists
of a painted perforated sheet metal underside backed with a fiberglass insulation. The panels
comprise roughly 60% of the room's area at the 4.0 m elevation. A large portion of the West wall is
comprised of single pane tempered glass with aluminum blinds on the interior. The blinds were in the
fully closed position during any testing. On either side of the window section is an uninsulated steel
pedestrian door. Each door was sealed with tape along its perimeter during testing to prevent any air
exchange with the adjoining hallway space. A large area of the East wall is taken up by two very
large sliding doors constructed of painted gypsum board on standard 9 cm framing. Each door
measures 4.0 m H X 2.1 m W and does not seal tightly with the room. The outline of each door is
shown in Figure 3.1 b as dashed lines. While any floor gap is marginal, gaps in the range of 2 cm
could be found along the top and along either side of the door. The floor of the room is carpeted,
while the walls are common gypsum board, painted white. Above the sound absorbent panels resides
supply and return ductwork, the room's VAV box, building utilities such as hot and chilled water
piping, city water piping, and electrical conduit. There are no penetrations through the ceiling above
this room, and the room's exhaust reside in the space between these panels and the ceiling. Due to
accessibility limitations to this upper portion of the test room, our scope of analysis for this space
focuses on the region at or below the level of the suspended ceiling. It is important to note the center
of the room, shown in Figure 3.1 a, designated with a "C". Simulator and measurement locations
described later will be referenced to this location.
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3.2 Load Simulators
The devices used during these experiments to represent occupant and equipment loads in the occupied
were, in general, quite simple. Each device was heated using incandescent light bulbs to generate the
desired energy consumption. Dimmer switches were used to adjust the voltage input to the simulators
to achieve exactly the desired energy usage. In all cases, power consumption was verified for each
simulator at the time of testing by use of direct voltage and current measurements.
The person simulators were perhaps the simplest devices of all. Each simulator measured 109 cm tall
x 38 cm wide x 36 cm deep and had a surface area of 1.9 M2 . They are rectangular-shaped, steel rod-
framed enclosures housing three (3) ordinary light bulb fixtures. Lamps with different wattage ratings
were used to achieve the desired overall energy output. The enclosures of the person simulators
consisted of three (3) layers of different material. The innermost material was a reflective plastic
lining covered by a heavy weight construction paper. The outer layer was a highly emissive, tightly
woven fabric. During tests where the person simulators are modeled as the contaminant sources, the
discharge of the tracer gas injection tube was placed just beneath this outer fabric layer at the top of
the simulator. Small holes were cut in the fabric in this region to ensure the gas could easily penetrate
to the outside. For office simulations the person simulators were placed directly on the floor to model
a seated occupant. For factory tests the simulators were raised 45 cm off the floor to represent
standing factory personnel.
Shown in Figure 3.2, these same person simulators were placed side by side to represent electrical
control panel simulators. Higher wattage lamps were also added internally. This is acceptable for
modeling purposes, as no standard cooling load or size criteria exists for such equipment. Each
control panel simulator measured 109 cm tall x 72 cm wide x 38 cm deep and had a surface area of
2.9 m2
Figure 3.2: Electrical control panel simulator
Computer simulators were modeled by simple cardboard boxes measuring 46 cm tall x 47 cm wide x
46 cm deep, each with a 100 Watt lamp inside. Perforations were cut into each box along the lower
half of two opposing sides and throughout the top of each box. Realistic computer simulators,
particularly monitors, must reject most of their heat by natural convection through the enclosure. This
was, indeed, verified by energy balance where electrical energy input was equated to convective air
AT plus measured wall AT. Finally, a simple hot plate with a 18 cm diameter heating element was
used to represent the concentrated, high surface temperature heat loads associated with welding.
27
3.3 Modeled Facilities and Test Cases
The types of cases tested in the scope of this research were those most typically found in high-ceiling
spaces in North America. This still presents quite a wide variety of loading scenarios available to
model and to test here. Because this was not a laboratory setting, however, we were heavily
constrained to a limited variety of loads that could be modeled within the room. Several key variables
such as floor area, room height, air supply volume, and energy load from general lighting remained
fixed. Others such as air exhaust volume and the energy load from the room envelope had to be
verified by measurement and are therefore considered dependent. Exhaust volume flow was
dependent on the operation of the central air handler, which is affected by areas adjacent to the test
room. In retrospect, exhaust volume flow tended to track reasonably close to supply volume flow in
all but one case. Room envelope loads were expected to be minimal, but were verified by taking wall
differential temperature measurements across the wall thickness during each test. These variables as
well as the purely independent occupant and equipment energy load variable are summarized in Table
3.1 below. These variables essentially defined the boundary conditions for each test.
TABLE 3.1
Test Variables
Variable Value Description
Afloor 31.6 m2  Floor Area
H 6.5 m Total Room Height
Vsup 656 m3/hr Air Supply Volume
Vexh Dependent Air Exhaust Volume
Qi 732 W (23.2 W/m 2) Energy Load from Lighting to Space
Qoe Independent Energy Load from Occupants and Equipment
Qex Dependent Energy Load from Room Envelope (Walls, Ceiling, Floor)
Two distinct types of high-ceiling facilities lend themselves to modeling, given the constraints of the
test room: 1) Office Environment and 2) Factory Environment. . A summary of each of the
following test cases can be found at the end of this subsection in Table 3.10.
Office Environment
Three popular office design scenarios were tested. The first we'll refer to as the cubicle-syle office
(CSO). In this case, four (4) individual offices were modeled by a 75 Watt seated occupant simulator
(PS), and a 90 Watt personal computer simulator (PC) located atop a 1.22 m W x 0.86 m D x 0.76 m
H desk. Each office was enclosed on two adjacent sides by partitions which were 1.68 m in height
and did not allow airflow to pass beneath them. The second office design is titled the open-plan
office (OPO). This test is in every way identical to the cubicle-style office (CSO) test except in this
case the partitions are removed. Ten identical data collection locations for measuring air temperature,
tracer gas concentration, and air velocity were used in each case. Layouts for these two tests are
shown in Figures 3.3 and 3.4, respectively. Tables summarizing the load simulator locations and
measurement points for the CSO and OPO cases can be found in Tables 3.2 and 3.3, respectively.
The simulator loads are shown to the left of the tables while the positions where each set of vertical
temperature, tracer gas, and velocity measurements were taken are shown to the right.
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Figure 3.9: the Light Welding Shop (LWS)
TABLE 3.11
Light Welding Shop (LWS)- Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (m) (m) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator 1.20 1.00 1.00 95 29.1 N1 2.70 0
El Control Panel Sim. -1.96 0.81 1.00 396 34.1 N2 1.62 0
C1 PC Simulator 1.96 1.00 1.14 172 40.3 N3 0.54 0
W Welding Simulator 0 0 0.90 460 -- S1 -2.70 0
-- Lighting -- -- -- 732 -- S2 -1.62 0
- Room Envelope - -- - -239 -- C -0.54 0
El -0.54 -2.00
E2 -0.54 -1.00
W1 -0.54 2.00
W2 -0.54 1.00
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Figure 3.4: the Open-Plan Office (OPO).
TABLE 3.3
Open-Plan Office (OPO) - Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (m) (m) (m) (W) Temp. ID (m) (m)
__ 
(0C)
P1 Person Simulator 1.32 0.97 0.56 75 30.3 N1 1.32 1.78
P2 Person Simulator 1.32 -0.36 0.56 75 30.1 N2 2.08 0.97
P3 Person Simulator -1.32 -0.36 0.56 75 30.7 N3 2.08 0.30
P4 Person Simulator -1.32 0.97 0.56 75 30.5 N4 2.69 -0.36
C1 PC Simulator 0.61 0.97 0.97 92 32.6 N5 1.32 -1.17
C2 PC Simulator 0.61 -0.36 0.97 92 33.7 S1 -1.32 -1.17
C3 PC Simulator -0.61 -0.36 0.97 88 33.4 S2 -2.08 -0.36
C4 PC Simulator -0.61 0.97 0.97 88 33.0 S3 -2.69 0.30
-- Lighting -- -- -- 732 -- S4 -2.08 0.97
-- Room Envelope -- -- -- 152 -- S5 -1.32 1.78
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Figure 3.3: the Cubicle-Style Office (CSO)
TABLE 3.2
Cubicle-Style Office (CSO) - Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (m) (m) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator 1.32 0.97 0.56 75 30.3 N1 1.32 1.78
P2 Person Simulator 1.32 -0.36 0.56 75 30.0 N2 2.08 0.97
P3 Person Simulator -1.32 -0.36 0.56 75 30.8 N3 2.08 0.30
P4 Person Simulator -1.32 0.97 0.56 75 30.5 N4 2.69 -0.36
C1 PC Simulator 0.61 0.97 0.97 92 32.5 N5 1.32 -1.17
C2 PC Simulator 0.61 -0.36 0.97 92 33.8 S1 -1.32 -1.17
C3 PC Simulator -0.61 -0.36 0.97 88 33.4 S2 -2.08 -0.36
C4 PC Simulator -0.61 0.97 0.97 88 33.0 S3 -2.69 0.30
-- Lighting -- -- -- 732 -- S4 -2.08 0.97
-- Room Envelope -- -- -- 188 -- S5 -1.32 1.78
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Figure 3.5: the Computer Cluster 1 (CC 1)
TABLE 3.4
Computer Cluster ] (CC 1)- Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (m) (m) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator -0.86 1.32 0.56 77 31.0 El 2.08 -0.69
P2 Person Simulator 0 1.32 0.56 73 31.6 E2 1.32 -1.52
P3 Person Simulator 0.86 1.32 0.56 74 29.1 E3 -0.30 -1.52
P4 Person Simulator 0.86 -0.71 0.56 74 28.1 E4 -1.32 -1.52
P5 Person Simulator 0 -0.71 0.56 74 30.6 E5 -2.08 -0.69
P6 Person Simulator -0.86 -0.71 0.56 76 30.4 W1 -2.08 1.35
C1 PC Simulator -0.86 0.64 0.97 92 32.8 W2 -1.32 1.83
C2 PC Simulator 0 0.64 0.97 89 33.4 W3 0.30 1.83
C3 PC Simulator 0.86 0.64 0.97 92 33.5 W4 1.32 1.83
C4 PC Simulator 0.86 -0.03 0.97 90 32.8 W5 2.08 1.35
C5 PC Simulator 0 -0.03 0.97 89 33.9
C6 PC Simulator -0.86 -0.03 0.97 92 32.6
-- Lighting -- -- -- 732 --
-- Room Envelope -- -- -- -136 --
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The third office scenario is titled the Computer Cluster I (CC 1). Its layout is shown in Figure 3.5.
Here, six (6) 75 Watt seated occupants were seated along either side of a 3.7 m L x 1.7 m W x 0.8 m
H table on top of which sat six (6) 90 Watt personal computer simulators. The occupant and
equipment loading was in this case higher, and the loads were more closely spaced. Table 3.4,
summarizes the load simulator locations and measurement points for the CCI case. Two (2)
additional variations were performed for this case, both involving the use of hoods placed directly
over each computer simulator. See Figure 3.6. Each hood/stack combination was identical in
fabrication. The stacks were 20 cm in diameter and extended to a height of 2.0 m above the floor
when in place. In Computer Cluster 2 (CC2), these hood/stack assemblies were left open and free-
flowing. As a result, large flows produced by the chimney effect were observed passing through
these assemblies. In Computer Cluster 3 (CC3), each stack was identically throttled such that only
the convective airflow drawn through the perforations in each PC simulator was directed through the
stack. Boundary layer flow induced by the warm outside walls of each PC simulator was not captured
by the hood in this case. Tables 3.5, and 3.6 summarize the load simulator locations and measurement
points for the CC2 and CC3 cases, respectively.
In each of these office cases, the primary contaminant generator is a person. This is reflective of the
typical office applications that these models are intended to represent. Therefore in these cases, tracer
gas was injected atop a sedentary person simulator so that the level and nature of the stratification
layer fed by the person simulator could be analyzed. For displacement to work effectively here, this
stratification layer should be above the breathing zone of a standing occupant in the space. Occupant
sensitivity to draft near the ankle level is also a concern in these sedentary environments. AThf limits
of 2.0 C must also be constrained in this application to ensure occupant comfort. In all cases air
temperature, velocity, and tracer gas concentrations were taken in strategic locations to evaluate these
criteria. More details on data acquisition will be discussed in upcoming sections.
Fge 3(
Figure 3.6: the Computer Cluster with (right) and without (left) hoods
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Factory Environment
Five different models were tested to simulate a variety of factory environments. For these cases the
room's low ventilation rate posed some limitations on the variety of simulations which could be
performed.
The first group of factory environments represent light manufacturing loads which might be found in
a variety of assembly operations. The factory loads modeled in this research are drawn from
experience with production processes in the auto industry. Table 3.6 illustrates common HVAC
cooling design guidelines for a general assembly production area
TABLE 3.6
General Assembly Cooling Loads
Load Value (W/m 2) Description
General Lighting 11 metal halide lighting located in the truss space
Task Lighting 3 fluorescent fixtures located 2.5 m above the
floor along the length of operator work stations
Building Envelope 23 loose, marginally insulated building construction
Process Equipment and Occupants 18 occupants, control panels, conveyors friction,
electric tooling, etc.
AHU Fan Motor* 11* *this is not in the conditioned space
Total 55
The first simulation is referred to as Heavy General Assemblv (HGA). The layout is shown in
Figure 3.6. Included in this simulation were two (2) standing person simulators emitting 92 Watts
each, one "bench top" computer simulator at 171 Watts and finally, two (2) electrical panel box
simulators emitting 388 Watts each. These "electrical panel box" models could very easily represent
any number of manufacturing-related pieces of equipment including control panels or enclosures on
heat generating operations. The heavy general assembly case represents a higher end of the cooling
spectrum for loads related to assembly operations. Table 3.7, summarizes the load simulator locations
and measurement points for the HGA case.
A milder cooling load was used in the Light General Assembly (LGA) simulation, illustrated in Figure
3.7. This test was essentially a halved version of the Heavy General Assembly test with respect to
occupant and equipment loads. One (1) standing person simulator emitting 95 Watts was used, as well
as one "bench top" computer simulator at 172 Watts, and one (1) electrical panel simulator emitting
204 Watts. This case can be compared to an area with more sparsely located equipment or perhaps an
assembly process operating at partial capacity. The load simulator locations and measurement points
for the LGA case are summarized in Table 3.7. In both HGA and LGA environments, prime pollutant
generators continue to be modeled as persons. For certain environments, however, this may not be the
case. Tobacco smoke may remain the major concern in buildings that continue to allow smoking
indoors.
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TABLE 3.5
Computer Cluster 2 (CC2)- Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (m) (m) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator -0.86 1.32 0.56 77 31.0 El 2.08 -0.69
P2 Person Simulator 0 1.32 0.56 73 31.6 E2 1.32 -1.52
P3 Person Simulator 0.86 1.32 0.56 74 29.1 E3 -0.30 -1.52
P4 Person Simulator 0.86 -0.71 0.56 74 28.1 E4 -1.32 -1.52
P5 Person Simulator 0 -0.71 0.56 74 30.6 E5 -2.08 -0.69
P6 Person Simulator -0.86 -0.71 0.56 76 30.4 W1 -2.08 1.35
C1 PC Simulator -0.86 0.64 0.97 92 32.6 W2 -1.32 1.83
C2 PC Simulator 0 0.64 0.97 89 33.3 W3 0.30 1.83
C3 PC Simulator 0.86 0.64 0.97 92 33.4 W4 1.32 1.83
C4 PC Simulator 0.86 -0.03 0.97 92 32.7 W5 2.08 1.35
C5 PC Simulator 0 -0.03 0.97 89 33.8
C6 PC Simulator -0.86 -0.03 0.97 92 32.4
-- Lighting -- -- -- 732 --
-- Room Envelope -- -- -- -155 --
TABLE 3.5
Computer Cluster 3 (CC3)- Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (i) (i) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator -0.86 1.32 0.56 74 30.4 El 2.08 -0.69
P2 Person Simulator 0 1.32 0.56 73 31.2 E2 1.32 -1.52
P3 Person Simulator 0.86 1.32 0.56 76 29.3 1 E3 -0.30 -1.52
P4 Person Simulator 0.86 -0.71 0.56 74 28.3 E4 -1.32 -1.52
P5 Person Simulator 0 -0.71 0.56 73 30.2 E5 -2.08 -0.69
P6 Person Simulator -0.86 -0.71 0.56 73 29.3 Wi -2.08 1.35
C1 PC Simulator -0.86 0.64 0.97 92 34.0 W2 -1.32 1.83
C2 PC Simulator 0 0.64 0.97 93 34.8 W3 0.30 1.83
C3 PC Simulator 0.86 0.64 0.97 93 34.3 W4 1.32 1.83
C4 PC Simulator 0.86 -0.03 0.97 93 33.2 W5 2.08 1.35
C5 PC Simulator 0 -0.03 0.97 92 34.5
C6 PC Simulator -0.86 -0.03 0.97 92 32.8
-- Lighting -- -- -- 732 --
-- Room Envelope -- -- -- -159 --
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Figure 3.7: Light General Assembly (LGA)
TABLE 3.8
Light General Assembly (LGA) - Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (i) (i) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator 1.20 1.00 1.00 95 28.7 N1 2.70 0
El Control Panel Sim. -1.96 0.81 1.00 204 34.2 N2 1.62 0
C1 PC Simulator 1.96 1.00 1.14 172 40.2 N3 0.54 0
-- Lighting -- -- -- 732 -- S1 -2.70 0
-- Room Envelope -- -- -- 42 -- S2 -1.62 0
C -0.54 0
El -0.54 -2.00
E2 -0.54 -1.00
W1 -0.54 2.00
W2 -0.54 1.00
average discharge velocity of 2.1 m/s out of a 5.7 cm diameter pipe located 0.3 m above the floor.
This added a 254 Watt load to the room. Unlike the previous general assembly cases, tracer gas was
injected into the room through the tailpipe discharge stream. Tracer gas in this case might represent
carbon monoxide gas. The remainder of the occupant and equipment loads are identical to the Light
General Assembly case. Table 3.9, summarizes the load simulator locations and measurement points
for the IGA case.
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Figure 3.6: Heavy General Assembly (HGA)
TABLE 3.7
Heavy General Assembly (HGA)- Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (m) (m) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator 1.20 1.00 1.00 91 30.0 N1 2.70 0
P2 Person Simulator -1.20 -1.00 1.00 94 30.3 N2 1.62 0
El Control Panel Sim. -1.96 0.81 1.00 391 38.3 N3 0.54 0
E2 Control Panel Sim. 1.96 -0.81 1.00 385 37.5 S1 -2.70 0
C1 PC Simulator 1.96 1.00 1.14 171 42.3 S2 -1.62 0
-- Lighting -- -- -- 732 -- C -0.54 0
-- Room Envelope -- -- -- -61 -- El -0.54 -2.00
E2 -0.54 -1.00
W1 -0.54 2.00
W2 -0.54 1.00
A third variation of the general assembly operation was investigated in the Inductive General
Assembly (IGA) simulation, shown in Figure 3.8. This simulation introduces the influence of a highly
inductive heat load near the floor. The inductive load in this test was an automobile tailpipe
simulator. An inductive heat load introduces a region in the room where forced convection and rapid
mixing will occur. This effect might also be expected with electric motors and high-speed grinding
equipment located in the occupied zone. The tailpipe simulator injected 59.5 'C air horizontally at an
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galvanized parts are welded), oil mist, and tobacco smoke (if indoor smoking is allowed). In both
tests tracer gas was injected roughly 6 cm above the high temperature heat source to represent
contaminants generated by welding.
TABLE 3.10
Welding Shop Cooling Loads
Load Value (W/m 2) Description
General Lighting 16 metal halide lighting located in the truss space
Task Lighting 3 fluorescent fixtures located 2.5 m above the floor
at operator work stations and control panels
Building Envelope 23 loose, marginally insulated building construction
Process Equipment and Occupants 109 welding-related components*, computers and
associated display panel, occupants, & conveyors
AHU Fan Motor** 11** **this is not in the conditioned space
Total 151
*components may include the weld tips and caps, warm welded parts, molten metal dispersed radially
from the weld, power supply cables from the weld transformer, and weld control panels.
The first simulation is referred to as Heavy Welding Shop (HWS). Included in this simulation were
two (2) standing person simulators emitting 92 Watts each, one "bench top" computer simulator at
171 Watts, two (2) electrical panel box simulators emitting 388 Watts each, and finally a hot plate
generating 993 Watts, used here to represent a small, hot, highly convective metal surface undergoing
welding. Due to an unacceptably high amount of infiltration which occurred during the test, the data
will not be analyzed, but can be found in the appendix.
The second simulation is entitled Light Welding Shop (LWS), and is shown in Figure 3.9. Included in
this simulation was one (1) standing person simulators emitting 95 Watts each, one "bench top"
computer simulator at 172 Watts, one (1) electrical panel box simulator emitting 396 Watts each, and
a "partial-load" welding simulator generating 460 Watts. The simulated load for this case in no way
approaches the cooling load of a typical welding shop. However, partial production rates in a welding
shop could bring loads down into the range tested here. The load simulator locations and
measurement points for the LWS case are summarized in Table 3.11.
TABLE 3.10
Test Summary
Test ach V/A QI/A Qex/A Qoe/A Qtota/A
(m3/hr)/m 2  W/m 2  W/m2  W/m 2  W/m 2
CSO 3.17 20.7 23.2 5.9 20.9 50.0
OPO 3.17 20.7 23.2 4.8 20.9 48.9
CCl 3.15 20.6 23.2 -4.3 31.4 50.3
CC2 3.15 20.6 23.2 -4.9 31.4 49.7
CC3 3.23 21.1 23.2 -5.0 31.6 49.8
HGA 2.84 18.5 23.2 -1.9 35.8 57.1
LGA 3.41 22.3 23.2 1.3 14.9 39.4
IGA 3.06 20.0 23.2 -1.6 22.9 44.5
LWS 3.41 22.3 23.2 -7.6 35.5 51.1
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Figure 3.8: Inductive General Assembly (IGA)
TABLE 3.9
Inductive General Assembly (IGA) - Load Simulator and Measurement Locations
Load Description X Y Z Load Surface Meas X Y
ID (i) (i) (m) (W) Temp. ID (m) (m)
(OC)
P1 Person Simulator 1.20 1.00 1.00 95 29.1 N1 2.70 0
El Control Panel Sim. -1.96 0.81 1.00 204 34.1 N2 1.62 0
C1 PC Simulator 1.96 1.00 1.14 172 40.3 1 N3 0.54 0
T Tailpipe Simulator 0 -1.70 0.03 254 -- S1 -2.70 0
-- Lighting -- -- - 732 - 2 -1.62 0
-- Room Envelope -- -- -- -51 -- C -0.54 0
El -0.54 -2.00
E2 -0.54 -1.00
W1 -0.54 2.00
W2 -0.54 1.00
The other group of factory environments incorporates high temperature heat sources that may be
found in a welding operation. The loads modeled for the following two cases are taken from
experience with robotic resistance welding processes - also in the auto industry. Table 3.10 illustrates
typical HVAC cooling requirements for a production areas incorporating welding. Process equipment
cooling loads are very high. In addition to the loads listed in the table, other sources of heat may
include overhead conveyor motors, tip dressers, electric hoists weld water piping, and panel coolers.
Common airborne contaminants in a welding shop include zinc oxide fume (produced when
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3.4 Instrumentation and Data Acquisition
Portability and ease of set up and tear down were very important attributes to the data acquisition
system in general for this study. It was also important to minimize the necessity of moving equipment
within the test room between measurements. A system which could take multiple temperature, tracer
gas, and velocity measurements simultaneously while remaining portable was in order. The solution
is shown in Figure 3.11. The fixture shown here is based on a telescoping pole upon which nine (9)
thermocouples and seven (7) tracer gas circuits are mounted at different elevations. In addition a
single hot sphere anemometer can be moved by remote control to any height along the pole to acquire
velocity data completely from outside the room. Table 3.12 on the following page denotes with an
"X" the heights at which temperature, tracer gas, and average velocity were taken. One should be
careful to note that the ceiling height, H, by which z is normalized to produce Z, is based upon the full
ceiling height of the room (6.5 m) and not the height of the suspended ceiling. A full set of these
measurements was taken at each of the ten (10) positions indicated during each test. In addition to
what is listed in Table 3.12, temperature and tracer gas measurements were also taken at the North
supply diffuser and at the exhaust grille. Also for each test case, conditions were allowed to stabilize
for a minimum of four hours preceding the collection of any data.
Figure 3.11: the measurement fixture shown extended
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TABLE 3.12
Measurements Performed at Each Position in the Test Room
Z = z/H
Height (m) Z (-) Temperature Tracer Gas Velo
3.66 0.56 X X X
3.00 0.46 X X X
2.35 0.36 X X X
1.70 0.26 X X X
1.18 0.18 X X X
0.72 0.11 X X X
0.39 0.06 X X X
0.20 0.03 X X --
0 (Floor) 0 (Floor) X --
Temperature Measurements
Air temperature measurements were obtained by use of 0.6mm diameter copper-constantan
thermocouples with a ± 0.2 0C accuracy which were coated with an aluminum flake-based paint. This
highly reflective coating helped to minimize temperature measurement disparities caused by any
nearby radiant heat sources. Thermocouples covered in a single layer of aluminum foil were used in
early tests for air temperature measurement. However, study of the data later revealed that radiation
from sources such as the floor and load simulators close to some thermocouples was impacting the
temperature readings. The following investigation was carried out to determine how to best minimize
the impact of radiation on thermocouple measurements:
Four identical 0.6mm diameter copper-constantan thermocouples made with 30 gauge wire were
fabricated and installed on the data acquisition system to be described later. Each of the four
thermocouples were then prepared using common and convenient radiation shielding techniques. The
first thermocouple labeled BA, was left bare. The second thermocouple, labeled SH, had an
aluminum foil shield installed to one side. This allowed air to pass freely around the bead and wire,
while providing effective radiation shielding from one direction. The third thermocouple, labeled CV,
was tightly covered with a single layer of aluminum foil. Due the small size of the bead and wire, the
foil had to be folded into a flat rectangular pocket measuring 3mm wide by 10 mm long. The
thermocouple was inserted into this pocket, and the foil was pressed tightly against it. The last
thermocouple, labeled AP was covered with a coat of paint with aluminum flake pigment.
Baseline temperatures were recorded with all four thermocouples in a dimly lit environment at room
temperature with no significant heat sources nearby. Figure 3.12 shows how the baseline calibrations
compared. All thermocouples read within 0.2'C of each other, which is within the bounds of their
known accuracy. The painted thermocouple, AP, reported the lowest temperature which may be due
to some marginal added conductive resistance from the paint thickness.
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T (C) 24.2
24.1
24
23.9
23.8
23.7
23.6
23.5
23.4
23.3
23.2
23.1
23
BA SH
where: BA
SH
CV
AP
Bare Thermocouple
Aluminum Foil Shielded Thermocouple
Aluminum Foil Covered
Covered with Aluminum Flake Paint
Figure 3.12: Baseline Thermocouple Calibrations
A warm fabric surface measuring 38 cm square was then placed facing perpendicularly the clustered
group of thermocouples at a distance of 36 cm. The temperature of the surface was 35.4'C. The SH
thermocouple was positioned so that it was fully shielded. Two measurements were taken of the CV
foil covered thermocouple in different orientations. In the first orientation, the foil was edge-aligned
(EA) with the warm surface to minimize the surface area subject to radiant flux. The second
orientation involved rotating the thermocouple 90' to the face-aligned (FA) position where surface
area exposed to radiant heat flux was maximized. Figure 3.13 graphically shows the subsequent
measurement results.
T (C) 24.2
24.1
24
23.9
23.8
23.7
23.6
23.5
23.4
23.3
23.2
23.1
23
AP
I
BA SH CV,EA CV,FA
where: BA = Bare Thermocouple
SH = Aluminum Foil Shielded Thermocouple
CV,EA = Aluminum Foil Covered, Edge-Aligned With Heat Source
CV,FA = Aluminum Foil Covered, Face-Aligned With Heat Source
AP = Covered with Aluminum Flake Paint
Figure 3.13: Thermocouples Subject to Common Radiation Source
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CV AP
As was predicted, the bare thermocouple (BA) reported the largest increase in temperature and is
therefore most sensitive to radiative influence. Conversely, the shielded thermocouple (SH) showed
the least amount of sensitivity. Thermocouple (AP) performed second best, while the foil covered
thermocouple (CV) in either orientation performed second to last.
For application in the test room, the aluminum flake painted covering was chosen. Although the best
performer, a shielded thermocouple proved to be unfeasible. Since multiple radiation sources could be
present in the test room, the full shield required to block such sources would be too detrimental to air
flow past the thermocouple bead.
The thermocouple leads were wired to a Campbell Scientific AM25T Solid State Thermocouple
Multiplexer. The multiplexer was controlled by a Campbell Scientific 21 X Data Logger, which sent
data to a PC which operated with a Tcom software package. The multiplexer and data logger were
located in the test room at the base of the measurement fixture as shown in Figure 3.14 on the
following page. All surface temperature measurements which include walls, floor, ceiling, and
simulator surfaces were taken with an Exergen Model D501 Infrared Thermometer. Standard
positions were identified on the walls, floor, and suspended ceiling from which surface temperature
measurements were taken during each test. Figure 3.15 shows the standard locations on the North
and South wall where temperatures were taken. Locations on the East and West walls are illustrated
in Figure 3.16. Figure 3.17 shows the plan view of the test room with the locations of floor
temperature measurements shown. The sixteen (16) points shown with concentric circles indicate
locations where suspended ceiling temperatures were taken directly overhead.
Figure 3.14: Thermocouple Multiplexer and Datalogger
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Figure 3.15: North and South Wall Temperature Measurement Locations
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Figure 3.16: East and West Wall Temperature Measurement Locations
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Figure 3.17: Floor and Ceiling Temperature Measurement Locations
Tracer Gas System
Contaminant concentrations were obtained by the injection of a 1% SF 6 tracer gas at 863 standard
cubic centimeters per minute (sccm). In the LWS and IGA simulations, a 442 sccm injection rate was
used. In the HGA case where tracer gas injection was split between two person simulators, a 90 "T"
fitting was used along with equidistant branch lines. This was done to equal delivery rates for the
tracer gas to either simulator. Suction lines of the tracer system were located at various elevations
along the measurement fixture as well as at one of the room's supply diffusers and the exhaust grille.
Tubing length averaged over 11 meters. All suction tubing was routed outside the test room into a
Bruel & Kjaer Type 1309 Multipoint Sampler which, in turn, let to a Bruel & Kjaer Type 1302 Multi-
Gas Monitor.
Air Velocity Measurements
Air velocity measurements, used here to evaluate draft risk, were taken with a Sensor HT-426
Thermoanemometer Transducers. To avoid excess acquisition equipment, raw voltage measurements
were take from the anemometer, which were later converted to m/s via a calibration curve.
Limitations were encountered which prevented reliable calibration for velocity values below 0.80 m/s.
The same anemometer was also used to measure the air volume flow being delivered by the supply
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2.16 m4
diffusers. Air velocities were taken in a grid pattern over the face of each diffuser, and were summed
to determine the total flow. Difficulties were initially encountered in obtaining consistent velocity
measurements through the perforated metal face. This condition was resolved by installing a covering
of thin, tightly-woven material over each diffuser face, shown in Figure 3.18. Air volume flow rate
was not altered, as the system controls maintained the same setpoint and the two diffusers were the
only terminal devices located downstream of the VAV box.
Figure 3.18: Fabric Diffuser Covering
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in comparing tracer gas distribution results. The small, high temperature hot plate produced a very
strong plume which was verified by smoke visualization to rise quickly above the height of the
suspended ceiling, out of the measured room space. The velocity and core temperature of this plume
was such that relatively little of its energy was transferred to the ambient room air by entrainment.
The challenge of predicting air temperature is now proven even more complicated. Previously it was
shown that a change in heat load in the occupied zone has greater influence on the air temperatures
than a change outside the occupied zone. Not only do we find that true, but now it appears that other
qualities associated with the heat source may significantly impact the room air temperature.
The Inductive General Assembly (IGA) case introduces yet another heat source variant, a tailpipe
simulator. The layout for this case can be found in Figure 3.10. The horizontally discharged hot air
stream discharged from this source was expected to introduce a region of mixing in the occupied
zone. This would certainly compromise the displacement effect to some degree. As heat sources
comparable to the tailpipe simulator are quite common in factory settings, the intention of this test
was to assess how detrimental its effect really was on this displacement system Figures 4.8a and
4.8b illustrates a comparison between the IGA case and the LGA case. Here the LGA case can, for all
practical purposes, be considered the baseline for the IGA case. By adding the tailpipe simulator, the
LGA case essentially became the IGA case going from a total heat load of 39 W/m 2 to 45 W/m 2.
Comparing measurements at positions S2 and W2, we notice differences in the curves in the range of
Z = 0.12 to 0.30 (0.80 m - 1.9 m) above the floor. The curves from the IGA case take on a "bulge" in
this region. This effect is more pronounced at position W2, which is in the direction of the tailpipe
simulator discharge. In considering all measurement positions, no differences were noticed in air
temperature above the floor (Taf) between the two cases while very little disparity was observed in
floor temperature. It can be concluded that for this test air temperature distributions are only locally
affected by turbulent air disturbances.
(a) Position S2 (b) Position W2
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Figures 4.8a and 4.8b: Normalized Air Temperature Results Comparing LGA and IGA Cases
0 = (T - Tsup)/(Teh - Tsup), Z = z/H
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Figure 4.1: Air Temperatures Under Lighting Load Only
Office Cases
A comparison will be made here between the CSO (cubicle style office) and the OPO (open plan
office) cases. Both cases feature four occupant and PC simulators at the same locations, but differ
with the presence of office partitions. Two important questions are posed by this comparison: 1)
How does the addition of partitions influence the anticipated airflow pattern of the displacement
system? and 2) Do the partitions impede the near-floor travel of cool supply air to areas distant from
the diffuser?
Figures 4.2a and 4.2b show comparative air temperature measurements between both office cases at
locations N2 and S2. These locations are shown on the room layouts in Figures 3.3 and 3.4. Both
temperature distribution graphs show a change in the temperature gradient above the Z=0.20
elevation. Clearly, in these cases a constant temperature gradient would be a poor assumption.
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Normalized Air Temperature Results for CSO and OPO Cases
0 = (T - Tsup)/(Texhi - Tsup), Z = z/H
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MEASUREMENT RESULTS
A summary of the significant measurement results will be presented here. A full set of measurements
for each of the ten (10) test cases can be found in the Appendix. The data will be presented in the
following order, where data from both office and factory environments will be presented
concurrently:
1) Room Air Temperature Distribution
2) Floor Temperature
3) Wall Temperatures
4) Ceiling Temperatures
5) Tracer Gas Measurement Results
4.1 Room Air Temperature Distribution
In each test a set of air temperature measurements were taken along a vertical axis at ten (10) different
locations within the room. A table summarizing the vertical locations of these measurement points is
presented in the previous section as Table 3.12. Measurement heights were normalized for consistent
graphical presentation by the following expression:
Z = z/H (4.1)
where: Z = normalized height in the room, ranging from 0 (floor) to 1 (ceiling) (-)
z = height within the room (m)
H = total room height
In these cases the total room height, H, is always 6.5 meters. This is the height of the upper ceiling in
the room, not the suspended ceiling height at 4.0 meters.
The first significant observation taken from the following air temperature distributions is that a
constant temperature gradient was rarely encountered. Under no circumstances was a constant
temperature gradient measured when any heat source was placed in the occupied zone. In fact, the
only experimental result which demonstrated a linear temperature profile occurred in a preliminary
test conducted with only a lighting load of 732 Watts from the overhead fluorescent fixtures. A
sample air temperature distribution of this test is shown in Figure 4.1 on the following page. This
sample was taken at the center of the room. The profile is linear above the Z=0. 1 (0.65 m) elevation.
Below this elevation we observe a non-linear region of air temperature rise.
In the following analyses, beginning with Figures 4.2a and 4.2b, air temperatures are normalized
according to the equation:
0 = (T - Tsup)/(Texh - Tsup) (4.2)
Normalization of air temperature in this manner provides a powerful visual tool in comparing the
results of the test cases. Not only does it compensate for differences in supply and exhaust
temperatures between cases, it provides insight into where the air in the room is absorbing energy
along its path from the supply diffuser at Tsup to the exhaust grille at Teh.
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The hoods make no drastic impact on the performance of the displacement ventilation system with
respect to air temperature distribution. At each position, however, an interesting phenomenon occurs
between the heights of Z=0.36-0.46 (2.35 m - 3.00 m). The temperature profile in the unrestricted
CC2 case seems to "notch" inward temporarily relative to the unhooded CCl case. The same effect is
visible for the CC3 case with the throttled hood, but to a lesser degree. The discharge height of the
hood system is Z=0.30 (2.00 m). It appears that through the region one meter above the discharge of
the stack, the temperature gradient is temporarily reduced. The greater the discharge velocity in these
cases, the more it is reduced. The high velocity vertical discharge out of the chimneys apparently
prevents immediate mixing until a higher elevation is reached. Although no physical explanation can
directly explain it, floor temperatures appear to have increased in cases where hoods were in placed
over the PC simulators. Consistent with the previous office cases, the temperature above the floor,
Taf, shifted to a higher temperature with increased distance from the supply diffuser.
Restriction
PC Simulator PC Simulator
CC2 - Free-Flowing Hood CC3 - Throttled Hood
Figure 4.4: Hood Airflow Illustrations for the CC2 and CC3 Cases
Figures 4.5a and 4.5b on the following page illustrate a comparison between the OPO case and CCI
case. Both cases were similar in load type, with seated person simulators and unhooded PC
simulators. However the CCI case had six (6) of each compared to four (4) of each used in the OPO
model. Although a different arrangement of measurement positions was used for each case, several
positions were very close to each other. Positions NI and SI on the OPO case are such positions
relative to E4 and W4 in the CCI case. The two graphs provide a glimpse at the impact of increasing
the occupant and equipment heat loads in the occupied zone by fifty percent (50 %). Since the
temperature scale is normalized, the increase in AT between supply and exhaust for the CC 1 case is
not captured in these graphs. What is significant here is that in the left graph representing locations
near the supply diffuser, the gradient is much steeper for the CC 1 case than for the OPO case in the Z
= 0.03-0.18 (0.20-1.2 m) range. This is the range in which a seated occupant resides and where AThf
is measured across. It is thus the most critical region in the room for maintaining thermal comfort.
By inspection of the graph we can see that at this location the normalized AThf value is nearly double
for the CC 1 case over the OPO case. Contrast this to the right side graph which illustrates
measurements taken near the back West wall, distant from the supply diffusers. In both cases while
the normalized temperatures near the floor Taf are greater, values for AThf appear to be less.
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Another significant observation that may be drawn from Figures 4.2a and 4.2b. Measurement
position S2 is located near the South air supply diffuser while position N2 is toward the rear of the
room, away from the supply diffusers. In both cases the temperature Taf, the measurement at Z=0.03,
has shifted to a higher temperature farther from the supply diffuser while temperatures taken higher in
the room do not appear to have shifted much. This effect occurs because as the cool supply air travels
along the floor away from the diffuser, the bulk air temperature of this air, Taf, will increase due to
convective heat transfer from the floor.
Since these cases were nearly identical with exception to the installation of the partitions, differences
in temperature distribution should be noted and perhaps attributed to the partitions. However, no
consistent discrepancies in air temperatures occurred between these two cases for any location in the
room. The slight forward shift in the curve at position N2 in the CSO case is not repeated elsewhere
at positions far from the supply diffusers. We can conclude from this that for this arrangement, the
installation of partitions did not influence the air temperatures.
Figures 4.3a and 4.3b below show air temperature profiles for each of the computer cluster cases at
two different measurement positions within the room. Again, CCI refers to the case with six (6)
seated person simulators and six (6) PC simulators. CC2 represents the same load condition, but with
free-flowing hoods placed on top of each PC simulator in an attempt to deter the immediate mixing of
warm discharge air in the occupied zone. Smoke testing ensured consistent performance between each
of the six (6) hoods. CC3 also features hoods above the PC simulators, however airflow is throttled to
the point where just enough air passes through the hood to prevent excess air from escaping below the
hood's edges. This action was taken upon noticing a very large flow rate generated by the chimney
effect in the CC2 case. Referring to Figure 3.5, position E4 is relatively close to a supply diffuser
while position W4 was distant toward the room's West wall. With all three cases, the heat load
quantity was identical between the PC simulators and the person simulators. Illustrations of the
airflow produced by the hoods in each case are shown in Figure 4.4.
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Figures 4.3a and 4.3b: Normalized Air Temperature Results for CCl, CC2, and CC3 Cases
0 = (T - Tsup)/(Te, - Tsup), Z = z/H
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load to the occupied zone. Upon analysis of these curves, we note that the horizontal distance
between the upper point in each curve and the value of 0 = 1 to the right represents the portion of the
total heat load contributed by convection with the suspended ceiling and the convective output of the
fluorescent fixtures. Between the two cases, this load is significant and changes little. Because this
load represents a larger portion of the total load in the LGA case, the curve is shifted to the left. The
conclusion we can reach from Figures 4.6a and 4.6b is that increasing the proportion of the total heat
load in the occupied zone shifts the normalized air temperatures at all elevations toward 0 = 1. The
same shift in floor temperature appears to take place as well.
We have looked at the normalized temperature change that occurs with a change in load when the
"character" of load remains similar (ie: one (1) person and PC simulator become two (2) person and
two (2) PC simulators). The following comparison will be between similar load quantities with
different character. Figures 4.7a and 4.7b compare the temperature distributions of the HGA case to
that of the Light Welding Shop (LWS) case at positions
LWS case can be found in Figure 3.9.
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Figures 4.7a and 4.7b: Normalized Air Temperature Results Comparing HGA
0 = (T - Tsup)/(Texh - Tsup), Z = z/H
and LWS Cases
With a small hot plate acting as a welding simulator by providing a substantial portion of the heat
load, the LWS case is considerably different in character to the HGA case. The plots in Figure 4.7
also vary considerably. Even though the total heat load was the same, the larger objects with lower
surface temperatures in the LGA case raised the air temperature considerably more at any given
elevation, including the floor. The normalized air temperature difference that occurred between these
two cases is quite remarkable. If given a 10 'C temperature rise between supply and exhaust, the air
temperature at position N2 would be a full 2 *C cooler at a standing occupant's head and chest level.
The convergence of the normalized temperatures near the Z = 0.56 (3.7 m) elevation serves as an
indicator that, indeed, similar total heat loading and ventilation rates were in place for both cases.
The obvious question becomes - what mechanism has caused such a disparity between the two cases?
The proposed answer may seem somewhat elementary, but will be reinforced in the following section
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Figures 4.5a and 4.5b: Normalized Air Temperature Results Comparing OPO
0 = (T - Tstp)/(Tea - Tsup), Z = z/H
and CCI Cases
Factory Cases
Figures 4.6a and 4.6b compare air temperature results for the Heavy General Assembly (HGA) case
and the Light General Assembly (LGA) case. This once again is a comparison between similar load
types with both cases having a standing person simulator, as bench top computer simulator, and an
electrical control panel simulator. Layouts of both tests can be found in Figures 3.6 and 3.7. The
HGA case, however, has over twice case the load amount of the LGA in the occupied zone. With the
following graphs once again plotted along normalized temperatures, we see the impact of the added
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Figures 4.6a and 4.6b: Normalized Air Temperature Results Comparing HGA and LGA Cases
0 = (T - Tsup)/(Teh - Tsup), Z = z/H
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4.2 Floor Temperature and Air Temperature Near the Floor
In the pervious section, mention was made in analysis of several cases that the air temperature near
the floor, Taf, seemed to increase with distance away from the nearest room air supply diffuser. In this
section closer attention will be paid toward this phenomenon by looking more closely at the data for
air temperatures near the floor for each test case. We'll also attempt to gain some insight from the
data as to the floor surface temperature's relationship to this air temperature near the floor.
Each temperature measurement, Taf, was taken at a height of 17 cm off the floor. In each test a total
of ten such measurements were taken. The values illustrated below in Figure 4.10 are an average of
these values. Also listed are the corresponding average floor temperature values for each test. A
significant variation was observed in the measured values for each of these temperatures, depending
upon their proximity in the room relative to the supply diffuser. The differences in normalized
temperature among these cases across the figure can be attributed to the influence of the heat loads in
the occupied zone upon the floor.
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
30 af
M Of
CSO OPO CC1 CC2 CC3 HGA LGA IGA LWS
Figure 4.10: Summary of Normalized Temperature of Air Above the Floor and of the Floor Surface
In comparing the CSO case to the OPO case in Figures 4.1la and 4.1lb , it appears that delivery of
supply air along the floor was not hampered by the partitions in the CSO case. No noticeable
differences can be discerned between either case, as floor temperatures gradually rise with greater
distance from the supply diffusers. Some regions toward the rear of the room have a floor
(a) Cubicle-Style Office (b) Open-Plan Office
021.5-22
021-21.5
0 20.5-21
1320-20.5
F 19.5-20
019-19.5
TSUP 15.50C Tsup= 15.4*C
Figures 4.1 la and 4.1 lb: Floor Temperature Distribution in CSO and OPO Cases
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temperature at least 1.5'C higher than toward the front.
Figures 4.12a and 4.12b illustrate the change in Of and Oaf as a function of distance from the supply
diffuser. The left figure presents a scatter plot of the measurements taken in the OPO case while the
right figure presents the same respective data for the CSO case. Both are nearly indistinguishable. It
is quite clear that Of and Oaf trend upward with increasing distance. This upward trend points out the
importance of proper supply diffuser spacing. A system with too few diffusers serving too large of an
area may have difficulty maintaining a comfortable temperature setpoint in regions far from the
diffuser. Figures 4.13a and 4.13b, however, illustrate an advantageous aspect of the same
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Figures 4.12a and 4.12b: Normalized Floor and Above Floor Temperatures Against Distance from
Nearest Supply Diffuser
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Figures 4.13a and 4.13b: Temperature Difference from Head to Foot in OPO and CSO Cases
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phenomenon. Here we see that as distance from the diffuser increases, AThf actually decreases. Thus,
an inverse relationship is apparent between the two important values relating to thermal comfort as a
function of distance from the supply diffuser. A displacement ventilation system designer may be
faced with a certain balancing act, which is to limit excessive temperature gradients and low above
floor temperatures in the near diffuser zone while simultaneously providing a cool enough above floor
temperature to areas distant from the diffuser.
Similar performance to the OPO and CSO cases was witnessed in the three (3) computer cluster
studies. Below in Figure 4.14 is the floor temperature distribution in the CCl case. Once again we
see a well defined increase in floor temperature as we move from front to back in the room. Near
areas of the room occupied by the sedentary person simulators, we see localized regions of escalated
temperature due radiative influences. Floor temperature distributions for the CC2 and the CC3 cases
are nearly identical to that of the CC 1 case shown here. Scatter plots of Of, Oaf, and AThf for all three
(3) of the computer cluster models compare well to the distributions shown in Figures 4.12a,b and
4.13a,b for the OPO and CSO office models.
CC Case
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TSUP 15.50C
Figure 4.14: Floor Temperature Distribution in the CCl Case
The factory simulations yield nothing dramatically different in floor temperature distributions in the is
room. Figure 4.15 shows the results for the HGA case - a case which has had a relatively high
average supply temperature throughout the test. This, more than any other factor, results in the test's
higher floor temperatures, which are represented by the graph's lighter shading. This case illustrates
well the localized impact of shadowing upon the floor temperature. The region denoted on the figure
is the result of a table locally blocking radiative heat transfer from the walls and ceiling to the floor.
In the previous section, it was concluded that the inductive heat source from the IGA case had only
localized effects in the air temperature distribution. Inspection of the scatter plots found in Figures
4.16a and 4.16b show the ventilation system handling the high velocity tailpipe discharge in much the
same manner as the purely quiescent loads found in the two office tests shown back in Figures 4.12a,b
and 4.13a,b.
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Figure 4.15: Floor Temperature Distribution in the HGA Case
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Figure 4.16a and 4.16b: Of, Oaf, and AThf against Distance from Nearest Supply Diffuser for IGA Case
From the data analysis of these test cases, it can be concluded that both the floor temperature and the
air temperature above the floor are dependent upon position within a space. For these cases the
measured data correlated well by showing floor temperature and air temperature above the floor as
functions of distance from the nearest supply diffuser. Likewise, the temperature difference between
head and foot also showed dependency upon this distance. Since floor temperature is dependent upon
radiative heat transfer in addition to supply temperature, any shadowing will locally reduce it.
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4.3 Wall Temperatures
Figures 3.15 and 3.16 of the "Instrumentation and Data Acquisition" section give the wall locations at
which surface temperature measurements were taken. These measurements proved important in
determining the radiative heat load to floor and in providing an estimate of the plume flow induced by
a disparity in wall surface temperature and air temperature near the wall.
Since the test room is an interior space in all cases the wall temperature was greater than the adjacent
air temperature. The effect of this condition is a plume flow produced along the wall in an upward
direction. This is certainly an advantageous condition as opposed to a relatively cool wall situation
which would produce a downdraft, possibly bringing with it contaminated air from the upper region
of the room. Care must be taken, however, to avoid a wall temperature condition that varies too much
compared to the adjacent air temperature. In such a case a substantial portion of the available supply
air will be drawn into the plume flow, lowering the stratification height for the entire room.
Presented here are complete wall temperature results for two (2) test cases, the CSO case and the
LGA case. It would be redundant to illustrate this data for all of the cases since for the most part, the
wall temperature distributions didn't vary dramatically between any of the test cases.
The wall temperatures are for the CSO case are illustrated in Figures 4.17n, 4.17s, 4.17e, and 4.17w
which correspond to data collected at the North, South, East, and West walls, respectively. The
graphs on the left hand side represent the wall temperature distributions. The graphs on the right hand
side illustrate the relationship between the wall surface temperature and the adjacent air temperature.
The broken vertical line on the distribution graph indicates the location from where the interface
graph was extracted. The white rectangles on the North and South Walls indicate the supply diffuser
locations.
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Figure 4.17n: North Wall Temperature and Temperature Difference Between Wall and Air
for the Cubicle-Style Office (CSO) Case
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Figure 4.17e: East Wall Temperature and Temperature Difference 
Between Wall and Air
for the Cubicle-Style Office (CSO) Case
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Figure 4.17w: West Wall Temperature and Temperature Difference Between 
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for the Cubicle-Style Office (CSO) Case
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The first thing that is learned in looking at the graphs is that wall temperature varies with height just
as the air temperature does. Let us now define:
ATwall = Tw -Tn (4.3)
where T, = the wall surface temperature
Tnw= the air temperature near the wall
For this case ATwat is positive at all locations. At each wall in the CSO case, ATwai varies between
1 C and 2'C along the entire height of the wall. In one case, ATwai went to zero near the suspended
ceiling. This was a rare occurrence for any of the test cases studied here.
The wall temperature graphs for the LGA case tell a similar story. They are displayed in Figures
4.18n, 4.18s, 4.18e, and 4.18w. An interesting phenomenon is occurring in Figure 4.18s on the
North Wall Temperatures ("C)
Figure 4.18n: North
024.0-25.0
0 23.0-24.0
M 22.0-23.0
M 21.0-22.0
M 20.0-21.0
M 19.0-20.0
E 0.60
0.50
0.40
0.30
0.20
0.10
0.00
Wall-Air Temps. (Ni)
- - I-l-
-+- -- --- - -
* air
U wall
18 19 20 21 22 23 24 25
T ("C)
Wall Temperature and Temperature Difference Between Wall and Air
for the Light General Assembly (LGA) Case
South Wall Temperatures ( C)
024.0-25.0
0 23.0-24.0
3 22.0-23.0
0 21.0-22.0
0 20.0-21.0
M 19.0-20.0
e 0.60
0.50
0.40
0.30
0.20
0.10
0.00
Wall-Air Temps. (Si)
I+ I
- - - - - I -
- - - - -
- - I -- -
- -- 
-
18 19 20 21 22 23 24 25
T ("C)
Figure 4.18s: South Wall Temperature and Temperature Difference Between Wall and Air
for the Light General Assembly (LGA) Case
60
+ air
U wall
East Wall Temperatures ('C)
0l24.0-25.0
E3 23.0-24.0
E 22.0-23.0
M 21.0-22.0
M 20.0-2 1.0
M 19.0-20.0
9 0.60
0.50
0.40
0.30
0.20
0.10
0.00
Wall-Air Temps. (El)
--- ---- -- ----
- - -
- L- -
8 19 20 21 22 23 24 25
T ("C)
Figure 4.18e: East Wall Temperature and Temperature Difference Between Wall and Air
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Figure 4.18w: West Wall Temperature and Temperature Difference Between Wall and Air
South wall temperature distribution. Notice the dipping of the isotherm lines toward the lower right
hand side of the graph. This results from radiative heat transfer from the nearby control panel
simulator. This can also be noticed on the North wall graph in the mirrored location. This sudden
isotherm change is attributed to the bench top PC simulator. Shadowing also has an important
influence on wall temperature just as previously mentioned with floors. The bottom of the East wall
toward the left is noticeably cool in both CSO and LGA cases. This is due to a table which was
placed against the door, which shadowed the area beneath. The final observation made from these
cases is that the supply diffuser location has influence on a rooms wall temperatures. This
observation has implications on diffuser location, particularly in a case where one of the walls is on
the building's perimeter, when ATwaii is greater than roughly I C as it was in these cases.
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4.4 Ceiling Temperatures
For each case, ceiling temperatures were recorded at sixteen (16) locations at the bottom of the
room's suspended ceiling panels. These locations are shown in Figure 3.17. Referring to the room
elevation in Figure 3.1 b, the measured relationship between exhaust and average ceiling temperature
is illustrated below in Figure 4.19. It is very important to note that these temperatures were taken on
the suspended ceiling at the 4.0 m elevation, not the upper ceiling of the room at 6.5 m. Not only was
the upper ceiling of the space inaccessible due to obstructions, its temperature would not reflect the
radiative heat loads from the heat load simulators near the floor.
T (0 C) 25
24
23
22
21
20
19
18
17
16
15
M Ceiling
M Exhaust
U Supply
OPO cci CC2 CC3 TIGA LGA IGA LWS
Figure 4.19: A Relationship Between Ceiling, Exhaust, and Supply Temperature
A typical ceiling temperature distribution is shown in Figure 4.20 below. The ceiling temperatures
for these cases show relatively little variation between measurement points and no discernible
distribution pattern. For spaces with high ceilings, this is to be expected since radiative influences
from the occupied zone are distant and will not impact ceiling temperatures locally.
Ceiling Temperature ( C)
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0l24-24.25
U 23.75-24
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Figure 4.20: the Ceiling Temperature Distribution for the CCI Case (looking downward)
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4.5 Tracer Gas Measurements
In each test a set of tracer gas samples were taken along a vertical axis at ten (10) different locations
within the room. Additional samples were taken at the North supply diffuser and one at the exhaust
grille. A table summarizing the vertical locations of these measurement points is presented in the
previous section as Table 3.12. As with the air temperature data, measurement heights for tracer gas
sampling were normalized for consistent graphical presentation by Eq. 4.1.
It is often helpful to know a room's pressurization condition when correlating tracer gas results. As
was mentioned in Section 3.1, sizable gaps in the range of 2 cm could be found along the top and
along either side of the room's two large front doors. The two pedestrian doors at the back of the
room were sealed off with tape. Any air exchange due to differences in pressurization occurred
through the large gaps along the perimeter of the front doors gaps. Smoke visualization was
employed near these gaps to qualitatively assess the room's pressurization. This was performed
between the heights of 0 - 3 m above the floor. Table 4.1 below summarizes the pressurization
condition of the test room during each of the simulations. Two tests, IGA and LWS, presented a
mixed condition. This may seem odd to those accustomed to mixing systems with more uniform
temperatures. This mixed pressurization condition can occur with displacement ventilation due to
different air temperature gradients on opposing sides of a gap. Airflow will be driven in the direction
of lower density, which is associated with higher temperature.
TABLE 4.1
Room Pressurization for Each Test Condition
Case ID Test Room Pressurization Condition
CSO Positive
OPO Positive
CC1 Negative
CC2 Negative
CC3 Neutral
HGA Negative
LGA Positive
IGA Positive below 2 m / Negative above 2 m
LWS Positive below 1.5 m / Negative above 1.5 m
HWS *Negative
* the Heavy Welding Shop (HWS) was subsequently ignored due to excessive infiltration
In the following analyses, beginning with Figures 4.21a and 4.2 1b, tracer gas concentrations are
normalized according to the equation:
C = (c - csup)/(ce, - Csup) (4.4)
where C dimensionless contaminant concentration (-)
c = tracer gas concentration measured at a certain height (ppm)
CSUP= tracer gas concentration measured at the North supply diffuser (ppm)
cexh= tracer gas concentration measured at the exhaust grille (ppm)
Tracer gas distributions will provide insight on the location of the room's stratification layer. With
tracer gas injection associated with a heat source, plume flows will carry the gas upward into the
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room's relatively polluted stratification zone. Here, the tracer gas mixes with plume flows from other
sources. The concentration of tracer gas builds up in this zone from where it is eventually exhausted.
In following graphs, the onset of the stratified zone with increasing height will be marked by a
dramatic increase in tracer gas concentration. In these measurement cases, a 1% SF 6-balance air
mixture was used. Measurements were taken at the North supply diffuser since a portion of the
room's exhaust air (including the SF 6 it contained) was recirculated through the central air handling
unit and delivered back to the room. It should be mentioned that an additional tracer gas measurement
at the South supply diffuser would have been redundant as it is branched off the same VAV box and
is balanced with the North diffuser.
Office Cases
Referring to the room layouts in Figures 3.3 and 3.4, tracer gas was injected atop the seated occupant
simulator P1, in the Northeast cubicle. Air temperature measurements indicate that the room
partitions have little effect on the room's air distribution. Analysis of tracer gas results, however,
reveal that the partitions did indeed affect air distribution. Figures 4.21a and 4.21b compare the
normalized tracer gas values for the CSO and OPO cases at positions NI and S4.
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Figures 4.2 1a and 4.2 1b: Normalized Tracer Gas Concentration Results for CSO and OPO Cases
C = (C - 0.3p)/(Cea - Csup), Z = z/H
Position N I is located in the same cubicle as the tracer gas source. The stratification level begins to
appear in the Z = 0. 18-0.26 (1.2-1.7 mn) range. The cubicle height is Z = 0.26 (1.68 mn). The change in
concentration profile at position S4 indicates that the cubicle walls actually confined the tracer gas
into the Northwest cubicle. Had the room ventilation rate been increased slightly, the stratification
layer would have likely been pushed upward, allowing for the spread of tracer gas throughout the
stratified zone.
Figures 4.22a and 4.22b on the following page show tracer gas profiles for each of the computer
cluster cases at two different measurement positions within the room. Referring to Figure 3.5,
position E5 is relatively close to a supply diffuser away from the tracer gas injection point. Position
W3, however, was distant from the supply diffuser, while in close proximity to the tracer gas injection
point. One of the key questions to be answered by these cases is the following: Does the installation
of hooding devices in high spaces such as this have any impact on the observed height of the
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stratification layer? The answer appears to be no, which is quite evident by the tracer gas
distributions of the three cases - particularly at position W3. In all three cases, stratification appears
to develop in the Z = 0.18-0.26 (1.2-1.7 m) range. Also in all the cases, the tracer gas seemed to be
confined to a large extent in the West side of the room - the same side in which it was injected. Very
little lateral mixing seemed to occur above the stratification layer.
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Figures 4.21a and 4.21b: Normalized Tracer Gas Concentration Results
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for CSO and OPO Cases
Figures 4.22a and 4.22b below illustrate a comparison between the OPO case and CC 1 case. Both
cases were similar in load type, with seated person simulators and unhooded PC simulators. The CC 1
case, however, had fifty-percent (50%) more heat load in the occupied zone with two (2) additional
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Figures 4.22a and 4.22b: Normalized Tracer Gas Concentration Results for
C = (c - csup)/(cexh - Csup), Z = z/H
OPO and CC 1 Cases
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doors. Between either of these cases, the graphs show little indication of a changing stratification
level despite the fifty percent increase in the occupant and equipment heat loads in the occupied zone.
This may be partially due to the low resolution we have in detecting such a change, which is due to
having only seven (7) sampling tubes over an elevation of 4 meters. A significant stratification height
difference could exist between the two cases within the Z = 0.18-0.26 (1.2-1.7 m) range, but is
undetectable here.
Factory Cases
Figures 4.23a and 4.23b compare air temperature results for the Heavy General Assembly (HGA) case
and the Light General Assembly (LGA) case. In both cases the tracer gas was injected atop the
person simulators. For the HGA case, the 863 sccm of tracer gas was split between the two standing
person simulators shown in Figure 3.6. In the LGA study, shown in Figure 3.7, the full 863 sccm was
delivered to the single standing person simulator. Due to large differences in the heat load in the
occupied zone (over twice as much in the HGA case), we would expect to see evidence of a higher
stratification level for the LGA case. Indeed, this is evident by the figures, which compare tracer gas
distributions at positions W2 and E2. The distribution in Figure 4.23a on the left is typical for both
cases in the Northwest portion of the room. The distribution in Figure 4.23b, however, varies
dramatically as a result of the split tracer injection points. Position E2 is near the second standing
person simulator (and injection point) in the HGA study. It is clear from these cases that the tracer
gas tends to remain localized above the heat source with which it is associated.
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Figures 4.23a and 4.23b: Normalized Tracer Gas Concentration
C = (c - csup)/(cexh - csup, Z = z/]
Results for LGA and HGA Cases
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The next comparison will be between the HGA case and the LWS case. As mentioned earlier, these
are similar load quantities but with different character. Figure 4.24 compares the tracer gas
distributions of the these two studies at location W2. Additional locations need not be analyzed as all
others are nearly identical. The tracer gas in the LWS case was associated with the hot plate to
simulate the generation of smoke and fumes at high temperatures. As is noticed by the typical
distribution below, this makes a tremendous difference compared to an injection point above a person
simulator as in HGA. Since the normalized concentrations near the exhaust are roughly equal, and the
ventilation rate and the tracer gas injection rates were equal, the SF 6 must clearly be collecting some
place in the room. The likely place is near the upper ceiling above all measurement positions - driven
to that height by the strong buoyant forces produced by the high temperature hot plate. The layout for
the LWS case can be found in Figure 3.9.
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Figure 4.24: Normalized Tracer Gas Concentration Results for LWS and HGA Cases
C = (c - csup)/(cexh - Csup), Z = z/H
Analysis of the IGA case allows for another opportunity to analyze the impact of injecting tracer gas
in association with a different heat source - here, a tailpipe simulator. The IGA case will be compared
to the LGA case, which is identical in loading and configuration except for the presence of the
tailpipe simulator. We expect more mixing of the SF 6 to occur in the occupied zone for the IGA study,
and indeed, that appears to be the case in Figures 4.25a and 4.25b below. Here, measurement
positions W2 and N2 are evaluated. Position N2 is distant from the induction zone caused by
turbulent discharge from the tailpipe. The tracer gas distribution at this location indicates a lower
stratification layer in the IGA case, which should be expected with the higher loads in this simulation.
This distribution is typical for other measurement positions not near the inductive region, toward the
North and South walls. Measurement results at position W2, however, are strongly influenced by the
tailpipe simulator. Here, we notice much heavier concentration of the tracer gas much closer to the
floor at the Z = 0.15 (1.0 m) height. The layout for the IGA case can be found in Figure 3.5.
By and large, the tracer gas distributions obtained in each case show consistency in providing an
estimate of the room's stratification height.. This height is based upon inspection of the graphical
distributions and noting the height at which a dramatic increase in tracer gas concentration occurs.
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Figures 4.25a and 4.25b: Normalized Tracer Gas Concentration Results for LGA and IGA Cases
C = (c - Csu,)/(Cexh - Cs.,), Z = z/H
68
(b) Position W2
U * I
- - I-
+ U
tI I I
- - -- -- 
I - - V - U -
I I I
I I I I
-I - - -
I I
0.5
0.4
0.3
0.2
0.1
0.0
I II I
I I
I I I I
I I I I 1
--- I-.-.-.-.-.
I I I
* IGA
+ LGA
PERFORMANCE EVALUATION
5.1 Predicting Air Temperature Near the Floor
The normalized air temperature above the floor is defined by Equation 5.1, which follows:
a= af Tsup 5.1)
Texh - sup
where Taf = air temperature just above the floor surface
TRIP = room supply air temperature
Tei = room exhaust temperature
The value 0 af is very important in that it essentially represents the datum or starting point for the
temperature gradient in the space. Typically in a design process, Oaf is determined after information
about the temperature gradient is known. Its value is then used to establish the required air supply
temperature for the space for that load condition.
Three models will be used to predict the value of Oaf for each of the experimental test cases, based
only upon air supply temperature, the ventilation rate and the known heat loads. The three models
include: 1) Nielsen's Design Chart, 2) Mundt's Simplified Formula, and 3) a proposed five node
temperature model.
Nielsen Design Chart
The design chart proposed by Nielsen (1996) is based upon experimental results in rooms with ceiling
heights between 2.5 and 4.5 m. It is shown below in Figure 5.1. This is the same chart shown as
Figure 2.3 in the Literature Review. This chart would seem to apply well for this tested space, with a
suspended ceiling height of 4.0 m. Superimposed on the chart are the range of values for normalized
air temperature above the floor, Oaf and for Archimedes Number, Ar obtained for the test cases
included in this study. Both of these quantities are defined beside the figure below. The data seems to
Oaf 0.& Oaf = (Taf -Tsup)/(Texh 
-Tsup)
A Ar = gpH(Teah-Tsup)/usup 2
I B
0.6 C
A: Distributed Heat Source
ID B: Sedentary Persons
0.4 C: Ceiling Light
D: Point Heat Source
-7 - - - - --- -~ ~ ~
I I
II I
I I
Ar Range- -> +--
0.0 ' I
10 20 40 60 100 200 400
Arg10-'
Figure 5.1: Dependence of Air Temperature Near the Floor on Archimedes Number
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correlate well with curve D, which represents "Point Heat Sources". For the cases modeled in this
research, however, "Sedentary Persons" or "Distributed Heat Source" are labels which may more
aptly apply. These are represented in curves A and B. A sizable discrepancy exists, however, on the
order of twenty-five percent (25%) between predicted and measured Oat values using these curves.
Case by case values of measured 0 af, and calculated Ar for use in Figure 5.1 are listed in Table 5.1
below.
TABLE 5.1
Test Variables
Case ID V (m3/hr) usp (m/s) Ar x 10 - af (measured)
CSO 653 0.11 85 0.323
OPO 653 0.11 87 0.326
CC1 651 0.11 86 0.319
CC2 651 0.11 91 0.339
CC3 667 0.12 83 0.370
HGA 586 0.10 105 0.366
LGA 704 0.12 73 0.309
IGA 632 0.11 90 0.344
LWS 704 0.12 76 0.297
Mundt's Simplified Model
Based on the ventilation rates used in each measured
formula from Mundt (1990), which gives:
T -T
Oaf af 
sup -
A
case, a was calculated using the simplified
1
__1 1'~
- - + I -f + 1
hr~- hc f
Calculated values for each case were compared to actual measured Oafvalues The results are shown in
Figure 5.2 below. Two different values of hr c-f were used in Mundt's calculation for the figure and
are called out in the legend. A fixed value of 5 W/m 2 K is recommended by Mundt for common
temperatures involved in comfort ventilation. For the actual test cases, however, a higher value of 5.8
W/m2 K was obtained by the following expression:
hrcf = 4 ccf T3 (5.3)
where c- = Stefan-Boltzmann constant (5.670 x 10-1 W/m 2K4)
Fc, 8- = emissivities of the ceiling and floor surfaces, respectively (taken here as 1.00)
T = average temperature between the floor and ceiling ('C)
Figure 5.2 points out an average disparity of over 0.08 between Mundt's simplified model and
measured Oa values. This much disparity is not satisfactory for most design cases. Clearly, a model
better suited for high spaces with significant wall area presence is needed.
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Figure 5.2: A Comparison of Actual vs. Predicted Oaf Using Mundt's Simplified Model
This analysis illustrates an important point about ceiling temperatures and the relative stability of hc-f.
In high ceiling spaces such as this test room, the ceiling temperature is likely to be higher than in
rooms with lower ceilings which are more commonly present in comfort applications. The higher
ceiling temperatures measured in the tests (in the range of 23.4-24.7'C) translated to the higher value
of hr,cf. It is interesting to observe that this elevation of radiative heat transfer coefficient from ceiling
to floor for high spaces has very little impact on the determination of Oaf with Mundt's simplified
formula. Consider say, an industrial facility with heavy solar loading through relatively little roof
insulation with a ventilation rate of 20 (m3/hr)/m 2 . The ceiling temperature could be upwards of 40'C
while the floor temperature is maintained at 20'C. Subsequent values for hr,cf fall in the mid 6 W/m 2 K
range which would increase Oaf from 0.24 to 0.26. For a ventilation system with a 20'C temperature
rise, this would only increase the predicted air temperature above the floor by 0.4'C.
A Simple Five Node Temperature Analysis to Determine 0,
By making just a few simplifications, a reasonably accurate model for estimating floor temperature,
air temperature above the floor, wall temperature, and ceiling temperature can be derived. The model
serves as a good representation for spaces with high ceilings with a significant amount of wall area. It
not only accounts for the influence of walls, but also allows for realistic modeling of the impact of a
room's heat sources. The following five (5) temperatures are modeled as nodes:
1) Air Supply Temperature, TSUP
2) Exhaust Temperature (which will later be equated to Ceiling Temperature), Teh
3) Floor Temperature, Tf
4) Air Temperature above the Floor, Taf
5) Average Wall Temperature, Tw
Relationships between the temperature nodes are based on radiative and convective heat transfer
coefficients, as well as view factors. These quantities act as "resistances" between each temperature
node. Heat loads in the space are applied as "current sources" to the proper temperature node or
nodes, depending upon the nature of the heat load. Here the nodal analysis model will be developed
and its agreement with measurement results will be assessed.
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An illustration of the simple nodal model can be found below in Figure 5.3. The following conditions
and simplifications apply:
1) Qwa= Qc = Qf= 0
This restriction must be carefully defined. For the purposes of keeping the node model
small, the net of convection and radiation at the walls, ceiling, and floor are assumed to be zero.
This could certainly prove to be erroneous for large spaces with outside walls and high ceilings
as they are often vulnerable to heavy solar and building envelope loads. It will be shown later in
this section, however, that estimates for envelope loads prepared prior to the simultaneous
solution of the five (5) temperatures, can be accounted for. In the case of U.S. buildings,
estimated envelope loads for spaces with rather high internal heat loads may be perfectly
appropriate. Here, the additional influence of building envelope loads can be minimal. For the
purposes of evaluating the experimental cases here, room envelope transmission loads are taken
as negligible. Wall surface temperature measurements taken on opposing sides indicate that
transmission loads have well less than a ten percent influence on the total space heat load.
T...... .. . . .
Qr,c-f
Qc,,f
T af --- - ...
QQ
Qr,L-c
V,
Figure 5.3: the Five Node Temperature Model
2) Te = Texh
The ceiling temperature is assumed to equal the exhaust temperature. The same
simplification is made in Mundt's simplified model. Intuitively, this would seem to have
good applicability to high spaces where the exhaust is near the ceiling. A large stratification
zone combined with a relative absence of radiative heat loads impacting the ceiling in the
upper region of the space would serve to tighten any disparity between ceiling and exhaust
temperature. A chart which summarizes the relationship between measured ceiling and
exhaust temperatures for the experimental cases was shown in the previous chapter in
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Figure 4.19. This chart presents very good agreement between these two measured values,
making this assumption valid for this test room under these loading conditions.
3) CE = f= was = 1.00
In an effort to make the bookkeeping in this calculation reasonable, all surfaces within the room
are considered to be black. This assumption is very common and does not impact accuracy that
greatly as painted and carpeted surfaces generally have very high emissivities. It should also be
assumed that all surfaces are diffuse emitters.
4) The temperatures of the ceiling, floor and walls are assumed to be constant and uniform.
Clearly, this is a large simplification - one in which some important details will certainly be lost.
As we have seen earlier from measurement results, wall temperatures vary almost as dramatically
as air temperature with increasing height in the room. We have also noticed from measurement
results that floor temperatures vary significantly with distance from the supply diffuser. For the
sake of simplicity with this model, these predictable non-uniformities in surface temperature
have been "lumped" together as average wall, floor and ceiling temperatures or Tw, Tf, and Tc,
respectively.
5) A constant air temperature gradient assumption is made.
For the purposes of estimating the average air temperature into which the walls reject heat
through convection, a constant air temperature gradient assumption must be made. This yields
an average air temperature between the exhaust/ceiling temperature and the air temperature
above the floor.
Referring back to Figure 5.3 on the previous page, radiative heat exchange is shown by straight
arrows between surfaces at different temperatures. Arrows are drawn in the direction of assumed
radiative heat transfer. Convective heat transfer is illustrated by curved arrows which represent air
drawing away energy through a hypothetical boundary layer shown with a broken line.
For now, let us consider the cooling load, L, an arbitrary heat source with a known position, surface
area, energy input, and surface temperature. Imposing the simplifications listed above, the following
five equations can be written, based upon this model:
1) Room Energy Balance
Pp V(Teh - Tsu)= Q L (5.4)
where QL = the total cooling load in the room (W)
2) Air Along Floor
PC p(Tf -Ts)= h cfA(Tf - Taf) (5.5)
where hf = the convective heat transfer coefficient from floor to air (W/m 2
A = the floor (and ceiling) area (M2 )
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3) Floor Surface Energy Balance
hrscfFf (Tepj, - Tf) + hr,,-F, (T, -Tf) + Q,L- /A = hcf (Tf - Taf) (5.6)
where F,- = Fw-(Aw/A) by reciprocity
hr,cf, = the radiative heat transfer coefficient between ceiling and floor (W/m 2K)
Fc.f = the view factor of the floor from the ceiling (-)
Tw = the average wall temperature (OC)
hr,wf = the radiative heat transfer coefficient between the walls and floor (W/m 2K)
Fc.w = the view factor of the walls from the ceiling (-)
Qr,L-f = the radiative portion of the cooling load which impacts the floor (W)
A = the floor (and ceiling) area (M2)
4) Wall Surface Energy Balance
T ±T
hrcwF cw(Tex - T) - hwfFc (T - Tf)+ Q,,Lw/A = hcA (T, - exh af) (5.7)
2
where F, = Fw-(Aw/A) by reciprocity
hrcw= the radiative heat transfer coefficient between the ceiling and the walls (W/m 2K)
Fc.w = the view factor of the walls from the ceiling (-)
Q,,L-w = the radiative portion of the cooling load which impacts the walls (W)
hew = the convective heat transfer coefficient from walls to air (W/m 2K)
Aw = the total wall area (m2)
5) Ceiling Surface Energy Balance
Qr,L-c/A -hrc- FJf(Teh - T) hrcFcw(Tex - Tw)= 0 (5.8)
where Qr,L-w = the radiative portion of the cooling load which impacts the ceiling (W)
A = the ceiling (and floor) area (m2 )
Equations 5.4 - 5.8 can be rearranged and expressed in a matrix format, shown here as Figure 5.4:
-pCpV 0 0 0 pCpV TSI, Qtotai
-pCPV/A -hc f -pCPV/A+hc,f 0 0 Tf 0
(-hr,c-fFc.f
0 -hr,wfFcw hc,f -hr,wfFcw hr,c-fFc-f Taf -QrL-IA
-h,f )
(-hr,c.wFc.w (hr,c..Fc.
0 hr,wfFc.w 0.5he,(Aw/A) -hr,wfFc.w +0.5hc,(Aw/A) T -Qr,Lw/A
-hc,(Aw/A )
(-hr,c-fFcf-
0 hr,c-fFc.. 0 hr c.wFc.w -hrc-wFc-w) Te -QrLc/A
Figure 5.4: Matrix form of the Five Node Temperature Model
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Note that the last term of Eq. 5.7 makes a linear temperature approximation only for the purposes of
determining an average air temperature into which wall convection takes place. As mentioned
previously, values for hr,cf, hr,w-f, and hrc.w can be obtained by using Eq. 5.3. The convective heat
transfer coefficient, hcf is commonly taken as 4 W/m 2 K while h, can be readily obtained through
common free convection calculations found in nearly any undergraduate heat transfer text. The
values used in this calculation are listed in Table 5.2 below. For high spaces, hcw will likely be based
on turbulent flow. This is influenced by the Grashof number (Gr), which applies to external flows
such as this. In defining the Grashof number below, the characteristic length term, L, has been
substituted for the more appropriate term for room height, H:
2AT 2Gr=H 3p2 g T2 (5.9)
Tf
where H room height (m)
p air density (kg/M3)
AT average temperature difference between the wall and air ('C)
Tf film temperature or average temperature between the wall and air ('C)
p= viscosity of air (Ns/m)
Notice that Gr varies with the third power of room height. Since Gr is directly related to the Rayleigh
number (Ra), which determines the transition to turbulence, doubling room height would increase Ra
by nearly an order of magnitude. Thus, for high spaces, wall convection is likely turbulent.
TABLE 5.2
Heat Transfer Coefficients for 5 Node Model
heat transfer coeff. (W/m2 K)
hr cf 5.8
h__ _ _ _ 5.8
hrc.w 5.9
hc,_ 1.5
hcf 4
Table 5.3 lists the view factors from wall to floor and ceiling to floor, which are based strictly upon
the geometry of this test room. These factors can be obtained readily from most undergraduate heat
transfer texts as well as in any ASHRAE Fundamentals Volume.
TABLE 5.3
View Factors and Areas Used for 5 Node Model
Variable Value Description
FWf 0.26 View Factor from All Walls to Floor
FCf 0.29 View Factor from Ceiling to Floor
Af, Ac = A 31.6 Area of the Floor and Ceiling
A 85.2 Total Wall Area
At this point, all the values required for the 5 by 5 "Resistance" matrix are now known. The
discussion now turns to how to define the 5 x 1 "current" or load matrix on the right hand side.
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Known heat loads in the room can be distributed and applied accordingly to the appropriate
temperature nodes. Each heat load, Q,, has a radiative component,Qr, and a convective component, Qc
defined by:
QtotaI, Qrt +Q (5.10)
Energy rejected by a heat source through convection goes directly toward heating the room air. It will
not influence the surface temperatures of nearby objects. The five node model will therefore be only
concerned with the radiative component, Q,,, which directly affects surfaces such as the walls, floor,
and ceiling. We can draw upon previous research from Nielsen (1993), who defined k, for a given
object as the fraction of its energy rejected through convection. For each given heat load, we can then
define the proportion of energy rejected through radiation to be (1- k,). This can expressed in the
following relationship:
Qri = (1-k,)Qtota1i (5.11)
where Qr, = radiative output of a given load, i (W)
k, = convective fraction of each load, i (-)
Qtotai = total energy input of load (W)
Nielsen gave the following guidelines for defining ki:
k = 0.3-0.5 for large machines
k = 0.4-0.6 for small components
k = 0.7-0.9 for pipes
For most objects encountered in offices, fr.i will range likely range between 0.4-0.6. For small, high
temperature objects generating substantial convection currents (which Nielsen refers to as pipes), k,
will be greater.
It follows that the radiation given off by each load, L, will impact either the floor, the walls, or the
ceiling of the room. This can be defined by the following relationship:
Qr, = [Qr,L-f + Qr,L-w ] Qr,L-c]1 (5.12)
where Q,,L-f = radiative energy transmitted from a load, i, to the floor (W)
Qr,L-w = radiative energy transmitted from a load, i, to the walls (W)
Qr,L-c = radiative energy transmitted from a load, i, to the ceiling (W)
Each of these three (3) components can be defined as a fraction of the total radiative heat rejection,
Qr,i as follows:
(Qr,L-f), = (F'Lf, )Qri (5.13a)
(Qr,L-w)i = (F'Lwi)Qr,i (5.13b)
(Qr), = (F'L-c )Q1, (5.13c)
F'L- + F'L-wi + F'LC =1 (5.13d)
where F'Lf, = fraction of radiative energy transmitted from a load, i, to the floor (-)
F'Lw,, = fraction of radiative energy transmitted from a load, i, to the wall (-)
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F'L-,, = fraction of radiative energy transmitted from a load, i, to the ceiling (-)
In a design case, when only the properties of heat load are known, prediction of these three (3)
radiative fractions is difficult without knowledge of the room's floor, wall, and ceiling temperatures.
Referring back to Eq. 5.3 which gives the radiative heat transfer coefficient between two surfaces of
close temperature, the governing equation for radiative heat transfer between two arbitrary surfaces, 1
and 2 is:
Qg = AIF-hr(T -T 2 ) (5.14)
where Q1-2 = radiative heat transfer from surface 1 to surface 2 (W)
A1 = area of surface 1 (m2)
F1-2 = view factor from surface 1 to surface two (-)
hr = radiative heat transfer coefficient from Eq. 5.3 (W/m2 K)
T 1, T2 = surface temperatures of 1 and 2 (K)
Considering a heat source placed in the occupied zone near the floor in a high displacement ventilated
room, the following relationships will contribute to the determination of radiative heat transfer to the
room's interior surfaces:
1) The shape and orientation of the surfaces which comprise each heat source will most
certainly impact view factors from the source to the floor, walls, and ceiling. In the test
cases here, many of the heat sources such as the person simulators and control panel
enclosure simulators were largely made up of vertical surfaces. As some of these simulators
were placed close to walls, view factors from load to wall will tend to be larger than to the
floor or the ceiling.
2) A larger view factor from object to floor exists compared to that of from object to ceiling.
This is due to the object's close proximity to the floor, where the FL- could theoretically
approach 0.50. With the presence of walls, the view factor from object to ceiling is reduced
with increasing room height, while the view factor from the object to the walls will increase
with ceiling height.
3) Relative room surface temperatures also impact the radiative heat transfer from the object.
The ceiling temperature will generally be greater than the average wall temperature, which in
turn, will be greater than the floor temperature. This results in the largest temperature
difference between a warm heat source and floor (ATL-) and the smallest between the source
and the ceiling (ATLC).
For high spaces with heat sources near the floor and having substantial amounts of wall area, the
following relationships will likely exist:
FLw> FLf> FLc and ATLf> ATLw > ATLc
These relationships can be characterized in Table 5.4 below, which shows the radiative transmission
factors used to model this test room. These radiative transmission factors are from Eqs. 5.13a-d.
TABLE 5.4
Radiative Transmission Factors Used For Load Modeling
Variable Value Description
F'L41  0.40 fraction of radiative energy transmitted from a load to the floor
F'Lwi 0.40 fraction of radiative energy transmitted from a load to the wall
F'L-c., 0.20 fraction of radiative energy transmitted from a load to the ceiling
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This load modeling system may be used as follows:
Consider a 100 W standing person simulator placed near the floor in high space with four walls, such
as the test room. This heat load may be considered to have a value k = 0.40, thus modeled as being
sixty percent (60%) radiative and forty percent (40%) convective. With the radiant load of 60 Watts
and applying the factors above in Table 5.4, the load breakdown is as follows: 24 Watts are
transmitted to the floor and to the walls, while 12 Watts are transmitted to the ceiling. The radiative
influence of this load would then be input into the five node model as 24 Watts applied at node Tf, 24
Watts applied at node Tw, and the remaining 12 Watts applied to node Ted (ceiling temperature).
This is analogous to applying current sources at voltage nodes in an electrical circuit. What is
advantageous with this modeling is that loads at each node are additive. Therefore the influence of
each load or group of similar loads in a room can be characterized separately by their respective
radiative influences upon the room surfaces. Once all the loads are characterized, the total predicted
radiative flux to each room surface can summed. Such a procedure is shown for all the test cases in
Table 5.5a through 5.5f, which cover nearly the next two pages.
TABLE 5.5
Load Characterization Tables for Test Cases
(a) Cubicle-style office (CSO) and Open-plan office (OPO)
Load Qtotal Radiative Qr,L F'L-f Qr,L-f F'L.w Qr,L-w F'L-c Qr,L-c
(W/m 2) Fraction (W/m 2) (W/m 2 ) (W/m 2) (W/m 2)
Person Simulators 300 0.6 180 0.40 72 0.40 72 0.20 36
PC Simulators 360 0.5 180 0.40 72 0.40 72 0.20 36
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1392 726 290 290 145
(b) Computer cluster 1, 2, 3 (CC 1, CC2, CC3)
Load Qtotai Radiative Qr,L F'L-f Qr,L-f F'L-w Qr,L-w F'L-c Qr,L-c
(W/m 2) Fraction (W/m 2) (W/m 2) (W/m 2) (W/m 2)
Person Simulators 448 0.6 269 0.40 108 0.40 108 0.20 54
PC Simulators 544 0.5 272 0.40 109 0.40 109 0.20 54
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1724 907 363 363 181
(c) Heavy General Assembly (HGA)
Load Qtotai Radiative Qr,L F'L-f Qr,L-f F'L-w Qr,L-w F'L-c Qr,L-c
(W/m 2) Fraction (W/m 2) (W/m 2 ) (W/m 2) (W/m 2)
Person Simulators 185 0.6 111 0.40 44 0.40 44 0.20 22
Control Panel 776 0.6 466 0.40 186 0.40 186 0.20 93
PC Simulators 171 0.5 86 0.40 34 0.40 34 0.20 17
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1864 1028 411 411 206
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(d) Light General Assembly (LGA)
Load Qtotai Radiative Qr,L F'Lf Q,L-f F'L, Qr,,L- F'Lc Qr,L-c
(W/m 2) Fraction (W/m 2) (W/m 2) (W/m 2 ) (W/m 2)
Person Simulators 95 0.6 57 0.40 23 0.40 23 0.20 11
Control Panel 204 0.6 122 0.40 49 0.40 49 0.20 24
PC Simulators 172 0.5 86 0.40 34 0.40 34 0.20 17
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1203 1 631 1_1_ 253 253 126
(e) Inductive General Assembly (IGA)
Load Qtotai Radiative Qr,L F'Lf Qr,L-f F'Lw Qr,L-w F'Lc Qr,L-c
(W/m 2) Fraction (W/m 2) (W/m2) (W/m 2) (W/m 2)
Person Simulators 95 0.6 57 0.40 23 0.40 23 0.20 11
Control Panel 204 0.6 122 0.40 49 0.40 49 0.20 24
PC Simulators 172 0.5 86 0.40 34 0.40 34 0.20 17
Tailpipe Simulator 254 0.1 25 0.40 10 0.40 10 0.20 5
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1457 657 263 263 131
(f) Ljght Welding Shop (LWS)
Load Qtotai Radiative Qr,L F'Lf Qr,L-f F'Lw Qr,L-w F'Lc Qr,L-c
(W/m 2) Fraction (W/m2) (W/m 2) (W/m 2) (W/m 2)
Person Simulators 95 0.6 57 0.40 23 0.40 23 0.20 11
Control Panel 396 0.6 238 0.40 95 0.40 95 0.20 48
PC Simulators 172 0.5 86 0.40 34 0.40 34 0.20 17
Weld Simulator 460 0.3 138 0.40 54 0.40 54 0.20 27
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1855 855 353 353 176
Simultaneous solution of this set of five (5)
number of software used for linear algebra.
equations can be performed rather easily with any of a
In this case, MATLAB was used and the solution of the
five (5) temperatures in each case is listed on the following page in Table 5.6. As in electrical
circuits, one node needs to be "grounded". Here the air supply temperature, Tsup, was preset in each
program to the average supply temperature recorded for each case experimentally.
The results presented in this table agree well with experimentally obtained measurements presented in
the previous chapter for nearly all test cases. Agreement is best for temperature measurements taken
near the supply diffusers. The agreement, however, did not hold well for temperatures measured at
locations in the room far from the diffuser. Both floor temperatures and air temperatures above the
floor were noticed to increase with distance from the diffuser, due to a warming of the bulk airflow as
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it moves across the floor absorbing heat through convection. Figures 5.5a, b and Figures 5.6a, b
illustrate for the CSO and HGA cases the predicted floor and above floor temperatures against
measured values. The left-hand figures show good agreement at locations near the supply diffuser,
while the right-hand figures show significant disparity. Note that while the y-axis remains normalized
for room height, raw temperature data is shown on the x-axis.
TABLE 5.6
Predicted Temperatures from the Five Node Model
Case TS11) (OC) Tf( C) Taf(OC) T, (0C) Tej (OC) Oaf
CSO 15.50 20.20 17.19 21.23 21.71 0.27
OPO 15.40 20.10 17.10 21.13 21.68 0.27
CCl 15.50 21.29 17.59 22.60 23.20 0.27
CC2 15.61 21.40 17.70 22.71 23.31 0.27
CC3 15.69 21.30 17.68 22.63 23.22 0.27
HGA 16.32 23.42 19.06 24.87 25.56 0.30
LGA 15.59 19.18 16.82 20.15 20.55 0.25
IGA 15.45 20.90 17.45 21.65 22.14 0.30
LWS 15.43 21.27 17.43 22.48 23.08 0.26
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Figures 5.5a and 5.5b: Predicted vs. Measured Temperature Results for the CSO Case
Z = z/H
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Measured Temperature Results for the HGA Case
Z = z/H
It becomes apparent that the five node temperature model requires an adjustment for areas distant
from the supply diffuser. This is particularly true for large areas served by few diffusers. In such
cases significant changes in the bulk airflow temperature will occur over large distances from the
diffuser. The following is a calculation which can be made to estimate the minimum bulk flow
temperature rise as supply air travels to areas of a room distant from the supply diffuser.
The room must first be divided into two equal areas, one which can be considered near the supply
diffusers, and one which will be considered distant from the diffusers, as shown in Figure 5.7 below.
Supply
Diffuser
..
Distant from Diffusers
Ner ifusr
Near Diffusers
(Front of Room)
+--Supply
Diffuser
Figure 5.7: Division of the test room on the basis of diffuser proximity
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Based upon the five (5) temperatures calculated in the five node temperature model, an adjusted floor
temperature in the distant region, TfD, and an adjusted air temperature above the floor in the distant
region, TafD, can be calculated. Referring to the distant floor region in Figure 5.8, two (2) equations
can be developed to calculate the minimum bulk air temperature rise and the increased floor
temperature.
LT
Qr,L-f
Qc,f
- TafD he, V TD
Figure 5.8: a model to determine floor and above floor temperatures distant from the supply diffuser
1 ) Air Along the Distant Floor Area
PpV (Taf,D -TafN) = hef -1 j(TfD afD) (5.15)
where V = room ventilation rate (m3/s)
TafD =air temperature above the floor in the distant floor region (0C)
Taf,N = air temperature above the floor in the near floor region (0C)
hCs = the convective heat transfer coefficient from floor to air (W/m 2 K)
A = the floor (and ceiling) area (in 2 )
TfD =the floor temperature in the distant floor region (0C)
Notice that this equation assumes that the entire volume of supply air, V, flows into the distant region.
In reality the volume flow will be somewhat less. Because this is impossible to quantify through the
use of simple tools, the full value of V is chosen, keeping in mind that the resultant floor and air
temperature increase in the distant zone will be minimal. Therefore Taf,D and Tf,D obtained through
this calculation will be minimum bounds.
82
2) Floor Surface Energy Balance
hrcf F/ 2f (Texh - TfD)+hrwfFc-w(T - TfD rf hcf D -TafD) (5.16)2A 2
where hr,cf = the radiative heat transfer coefficient between ceiling and floor (W/m 2K)
Fe1/2f = the view factor of one half of the floor from the ceiling (-)
T = the average wall temperature ('C)
hrw.f the radiative heat transfer coefficient between the walls and floor (W/m2 K)
F,= the view factor of the walls from the ceiling (-)
Qr,L-f the radiative portion of the cooling load which impacts the floor (W)
Note that in Eq. 5.16, the value for wall temperature , Tw, is used from the previous five node
temperature calculation. Table 5.6 shows distant values for floor temperature, air temperature above
the floor and normalized air temperature above the floor in addition to values previously stated in
Table 5.5, for comparative purposes.
TABLE 5.6
Predicted Temperatures from the Five Node Model with Adjustments for Diffuser Proximity
Case Tsup(fC) TfN (C) TafN ('C) Tw ('C) Teh( 0C) Oaf TfD ('C) TafD CfC) ,
CSO 15.50 20.20 17.19 21.23 21.71 0.27 20.94 18.01 0.40
OPO 15.40 20.10 17.10 21.13 21.68 0.27 20.85 17.92 0.40
CCl 15.50 21.29 17.59 22.60 23.20 0.27 22.25 18.62 0.40
CC2 15.61 21.40 17.70 22.71 23.31 0.27 22.36 18.73 0.40
CC3 15.69 21.30 17.68 22.63 23.22 0.27 22.29 18.68 0.40
HGA 16.32 23.42 19.06 24.87 25.56 0.30 24.47 20.35 0.44
LGA 15.59 19.18 16.82 20.15 20.55 0.25 19.94 17.47 0.38
IGA 15.45 20.90 17.45 21.65 22.14 0.30 21.22 18.30 0.43
LWS 15.43 21.27 17.43 22.48 23.08 0.26 22.05 18.39 0.39
The resulting agreement with measured data taken far from the supply diffusers is more acceptable.
Once again, graphs comparing measured temperature profiles to predicted temperatures both near the
supply diffuser and distant from the diffuser will be shown. In the following Figures 5.9a,b through
Figures 5.14a,b, positions near the diffuser are shown on the left-hand graph while positions far from
the diffuser are shown on the right-hand side. Toward the end of this section, Figures 5.16a and 5.16b
show a general summary which compares predicted versus measured values for 0afN, and atfD for all
nine experimental cases. Also included is the value obtained using Mundt's simplified formula for af.
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Figures 5.9a and 5.9b: Predicted vs. Measured Temperature Results for the CSO Case
Z = z/H
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Figures 5.1 Oa and 5.1 Ob: Predicted vs. Measured Temperature Results for the CCl Case
Z = z/H
84
0
LI I A A
I I 7
I L I t 1 1
I IS I I I I
I I |I
-I - - -' - I- - -
[ I I I
I I
F -F
- --
- T
I i |
I F I|
- - - - - -
F F F F F F
F F
-
F F F F F
--
Z (a) Near Diffuser - E2
0.6
0.5 -
0.4 -
0.3 -
0.2 -
0.1
0 -
Z (b) Distant from Diffuser - W1
0.6
0.5 -
0.4
0.3 1
- L L
S I I I - 0.1 1
0
15 16 17 18 19202122232425
T ("C)
-*-- Measured
- 'U - Predicted
15 16 17 18 19202122232425
T (C)
Figures 5.1 la and 5.1 lb: Predicted vs. Measured Temperature Results for the CC3 Case
Z = z/H
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Figures 5.12a and 5.12b: Predicted vs. Measured Temperature Results for the HGA Case
Z = z/H
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vs. Measured Temperature Results for the IGA Case
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Figures 5.14a and 5.14b: Predicted vs. Measured Temperature Results for the LWS Case
Z = z/H
Figure 5.15 on the following page compares the average calculated wall temperatures for each case to
the average obtained experimentally. A reliable prediction of average wall temperature is especially
important for high ceiling rooms which may possess substantial wall area. Overall, agreement
between predicted and measured values is moderately good for most cases. More volatility in the
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agreement seems to exist in the manufacturing cases. This may be due to more uncertainty in
modeling the radiant impact of these higher temperature heat sources upon the walls.
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Figure 5.15: Predicted vs. Measured Average Wall Temperature Results
To conclude and summarize the discussion on the five node temperature model and predicting the air
temperature near the floor, we refer to Figures 5.16a and 5.16b, which compare for each experimental
case the value for 0 af obtained through the different methods discussed here. Included are Mundt's
simplified formula (using hr,cf = 5.8 W/m 2 K) and the five node temperature model for areas both near
and distant from the supply diffuser. These three values are compared to the experimentally-obtained
quantities, also both near and distant from the diffuser.
eafN 0.45
0.4 ------ - -- ------- ---- --------- -- ----
0.35 ----- - - - - -- - ---- -- ----- ----- ---
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0 |
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Figure 5.16a: Predicted vs. Measured Values for Oaf Near the Diffuser
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Figure 5.16b: Predicted vs. Measured Values for Oaf Distant from the Diffuser
In most cases the five node temperature model predicts the measured value for Oaf with more accuracy
than Mundt's simplified formula for the area near the supply diffuser. In all cases the five node
model predicts Oaf better than Mundt's simplified formula for areas distant from the supply diffuser.
It is important to recognize that Oaf is not a property which can be assumed to be uniform throughout
the room. The five node temperature in these cases predicted the above-floor air temperatures both
near and distant from the supply diffuser with very good accuracy without the need for extended
computations. More extensive modeling could be used to obtain more accurate results, however the
time involved in such a task would be better devoted toward CFD modeling.
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5.2 Air Temperature Distribution
With tools now developed to predict the value of the normalized air temperature above the floor, the
focus now shifts to predicting the rise in air temperature from this near-floor zone to the head level of
a seated occupant. These two values, af and AThf, are redefined and illustrated in Figure 5.17 below.
This figure shows key parameters which must be predicted in the design of the displacement
ventilation system. For this analysis, the head level indicated in the figure is considered to be near 1.1
m above the floor.
............
Air Temperature Distribution
Head to Foot
Region of Room
AThf
.......... T (*C).................
TSPTf Teh
T (0 C)
Figure 5.17: key parameters related to air distribution in a displacement ventilation system
The figure above shows two different curves connecting the above floor, Taf, and exhaust, Te,
temperatures. The broken line represents a linear approximation for the air temperature distribution.
Several design guidelines recommend the use of such an approximation, which is discussed
previously in Section 2.4. The solid curve represents more of a parabolic contour, with a more
substantial portion of the air temperature rise occurring in the region within one to two meters of the
floor. Referring to the air temperature profiles presented in Section 4.1, it is apparent that the linear
approximation does not apply well in this test room with a high ceiling. In fact, we intuitively know
that for the test cases studied, the linear approximation should not apply well. Figure 5.17 illustrates
an upper region in the space relatively void of convective loading. This is also likely above the
stratification zone, the upper region of the room where thermal plumes are dispersed and the
temperature gradient is less. A significant error could occur in assuming that this upper stratified
zone, void of convective loads, has the same temperature gradient as the occupied region near the
floor.
The Fractional Coefficient Method proposed by Chen, Glicksman (1998) provides a method to predict
the temperature rise between the head and foot level by multiplying weighting coefficients for
different categories of heat loads in a space. This procedure is described in Section 2.4. The
governing equation for this method is as follows:
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where AThf
aoe, a,, and aex =
Qoe =
QI=
Qex
temperature rise between head and feet ('C)
room ventilation rate (m3/s)
0.295, 0.132, and 0.185, respectively
loads located directly in the occupied zone such as people, PC's, machinery (W)
load due to overhead lighting (W)
heat conduction through the building envelope and transmitted solar radiation (W)
The fractional coefficients aoe, a,, and aex represent the portion of the total room load that enters the
space between the head and feet of a sedentary occupant. This model suggests that different loads
(Qoe, Qi, and Qex) impact the occupied zone to different extents. This was confirmed by the
experimental temperature profiles obtained in Section 4.1. Intuitively, it makes sense that a load
located in the occupied zone would have more impact on AThf than, say, solar loading upon the roof.
This is reflected in the coefficients aoe = 0.295, while aex = 0.185. While these coefficients were
obtained through curve fitting from previous experimental results, their respective magnitudes appear
realistic. Table 5.7 shows a breakdown of the loads from the modeled cases in the format prescribed
by Eq. 5.17. Notice that for each case, Qex is taken as zero (0). Measured temperature differences
across the wall surfaces (where accessible) resulted in only marginal heat transfer values when
compared to the magnitudes of the lighting and occupant and equipment loads. Toward the right of
the table, the calculated value for AThf is compared to the average AThf values obtained at the ten
measurement positions in each case.
TABLE 5.7
Comparison of Calculated vs. Measured Values for AThf Using Fractional Coefficient Method
Case ID V (m3/hr) Qtotai (W) Qoe (W) Q1 (W) Qex (W) AThf (OC) AThf (0C)
calculated measured
CSO 653 1392 660 732 0 1.30 2.42
OPO 653 1392 660 732 0 1.30 2.13
CC1 651 1724 992 732 0 1.74 2.32
CC2 651 1724 992 732 0 1.74 2.23
CC3 667 1724 992 732 0 1.70 2.13
HGA 586 1864 1132 732 0 2.14 1.72
LGA 704 1203 471 732 0 0.97 1.31
IGA 632 1457 725 732 0 1.43 1.77
LWS 704 1855 1123 732 0 1.77 1.41
A considerable discrepancy occurs between calculated and measured values, particularly in the office
cases. Clearly there is some convective heat loading occurring in the occupied zone which is not
accounted for through Eq. 5.17, which is derived based upon results for rooms with relatively low
ceilings. Since, intuitively, occupant and equipment convective loading should not change in the
occupied zone with ceiling height, there is little justification in changing the value of the weighting
coefficient, aoe. The same can argument can be made toward the convective influence of overhead
lighting and its associated weighting coefficient, a,. The only significant change in analysis of a high
space in terms of the fractional coefficient model is the dramatically increased amount of wall area.
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(5.17)
Thus, attention should be devoted toward either "re-weighting" the value for Qe, through aex or
redefining Qe, altogether. Since the five node temperature model can already incorporate building
envelope loads into the determination of wall surface temperature (Tw), the amount of convection
from wall to air can be directly determined. In keeping with the nomenclature from the development
of the five node temperature model, Qex can be expressed as:
Qex = Qc,wais = heAw [Tw -(Texh + Taf )/2] (5.18)
where Qcwalis = convection given off by the walls to the air (W/m 2oC)
h, = wall convection coefficient (W/m 2oC)
Aw = the total wall area (M2)
Figure 5.18 below illustrates the differences between the predicted value of Qex obtained via the five
node temperature with Eq. 5.18 above and values for wall convection directly calculated with air and
wall temperature measurement data.
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Figure 5.18: predicted (via 5-node model) vs. measured values for wall convection
Although agreement does not appear to be very good between the predicted and experimental data, the
predicted values will still be useful when used in conjunction with other approximated values in Eq.
5.17. One primary reason for the disagreement is the constant gradient assumption used to Eq. 5.18,
which will tend to over-predict the average temperature difference between the wall surface and the
ambient air, causing an over prediction in wall convection. The non-linear gradient illustrated in
Figure 5.17 would tend to reduce this average temperature difference. Table 5.8 on the following
page shows the results of using the newly defined Qex. The newly defined Qex doesn't significantly
affect the agreement between the predicted AThf and the measured AThf. In order to reduce the
discrepancy any further, a revised set of weighting coefficients for high ceiling spaces may need to be
established. More data, however, will be required to validate such a change.
Since measurement results showed that AThf seemed to decrease with distance from the supply
diffuser, some insight may be gained into the AThf discrepancy by graphically comparing the
calculated value to the individual measured results. Figures 5.19 through 5.23 show the AThf
distributions for the OPO, CCl, CC3, HGA, and IGA cases where the calculated value is shown as a
thick, horizontal dashed line.
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TABLE 5.8
Comparison of Calculated vs. Measured Values for AThf Using Fractional Coefficient Method
Case ID V (m3/hr) Qtotai (W) Qoe (W) Q1 (W) Qex (W) ATf (0C) AThf (0 C) change in
calculated measured AThf (OC)
CSO 653 1392 660 732 136 1.41 2.42 +0.11
OPO 653 1392 660 732 168 1.44 2.13 +0.14
CC1 651 1724 992 732 162 1.87 2.32 +0.13
CC2 651 1724 992 732 153 1.87 2.23 +0.13
CC3 667 1724 992 732 163 1.83 2.13 +0.13
HGA 586 1864 1132 732 161 2.29 1.72 +0.15
LGA 704 1203 471 732 166 1.10 1.31 +0.13
IGA 632 1457 725 732 132 1.54 1.77 +0.11
LWS 704 1855 1123 732 131 1.87 1.41 +0.10
Equation 5.17 appears to produce good agreement with the factory cases shown in Figures 5.22 and
5.23 using the revised Qex value. The measurements of AThf in the office cases do not agree as well
with the predicted value produced by Equation 5.17. Two obvious differences exist between the
office and factory cases which may impact the correlation of data with Equation 5.17. First, surface
temperatures of heat loads in the factory simulations were generally higher than in the office
simulations. Secondly, heat sources in the factory cases were physically located higher off the floor.
This was to better replicate the factory environment where workstations and equipment are generally
situated to accommodate a standing occupant.
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Figure 5.19: Temperature Difference from Head to Foot in the OPO Case
Calculated vs. Measured
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Figure 5.20: Temperature Difference from Head to Foot in the CCI Case
Calculated vs. Measured
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Figure 5.21: Temperature Difference from Head to Foot in the CC3 Case
Calculated vs. Measured
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Figure 5.22: Temperature Difference from Head to Foot in the HGA Case
Calculated vs. Measured
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Figure 5.23: Temperature Difference from Head to Foot in the IGA Case
Calculated vs. Measured
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5.3 Contaminant Propagation
The term ventilation efficiency, il, is used to quantify how quickly a pollutant is disposed of within a
room. This is based upon the steady state assumption of a mass balance between the rate of pollution
injection to the room and the rate of pollutant exhaust from the room. Ventilation efficiency is
defined by the following expression:
r exh ** x100% (5.19)
C - CSUP
where Ceh = tracer gas (contaminant) concentration in the exhaust air (ppm)
CSUP = tracer gas (contaminant) concentration in the supply air (ppm)
C = tracer gas (contaminant) concentration at a location of interest (ppm)
In considering a room equipped with a "perfect" mixing ventilation system, 11 will equal one (1)
everywhere. This is because in an ideal mixing environment, any contaminant source will be instantly
and uniformly distributed throughout the room at a concentration that equals the exhaust
concentration. In displacement ventilation, however, contaminants associated with heat sources will
collect above the stratification level at a concentration higher than that of the occupied zone below.
This would lead to ventilation efficiencies greater than one below the stratification level and less than
one above the stratification level. Notice from the expression that as the measured concentration, C,
at a certain point of interest approaches Csup, the ventilation efficiency approaches infinity (oo). This
means that the air quality at the point of interest is essentially the same as that supplied by the
diffuser.
The primary goal of any ventilation system is to achieve the best possible air quality in the breathing
zone of occupants. We are therefore interested in the average ventilation efficiency of the system at
this breathing level throughout the space where occupants might be present. This level is generally
taken as the height from the floor to the nose of a typical sedentary occupant. We therefore can
modify Eq. 5.19, and express the ventilation efficiency at a given elevation, rz, as:
C -C
1 = ex S"p x100% (5.20)
Cz,avg - Csup
where Cz.ave = average tracer gas (contaminant) concentration at the room height, z (ppm)
The average ventilation efficiency can be determined for each of the test cases using Eq. 5.20. The
breathing level for these experiments is taken at the Z = 0.18 (z = 1.2 m) elevation. Applicability of
using this elevation may be questioned for standing occupants, commonly found in factory
environments. Saeteri (1992) and Brohus et al. (1996), however, showed that air inhaled by a
standing human actually originates from a lower elevation along the body. This is due to the upward
travel of the convective plume produced by the relatively warm surface temperature of the human
body. This poses a strong argument that air at the Z = 0.18 (z = 1.2 m) elevation could also be
considered the same air breathed by a standing person.
An expression has been developed by Chen and Glicksman (1998), to predict the average ventilation
efficiency in a room at the breathing level. This expression is based on the same heat load
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components used in Eq. 5.17 and was formulated empirically based upon experimental data gathered
in a 5.2 m long x 3.7 m wide x 2.4 m high test chamber. The expression determines 11 by:
(Q = 3.4 ( ±- e-0.28") O, +O.Q, +0.5Qex)/Qt (5.21)
where n = ventilation rate (ach)
Qe = loads located directly in the occupied zone such as people, PC's, machinery (W)
Q, = load due to overhead lighting (W)
Qex = heat conduction through the building envelope and transmitted solar radiation (W)
Qt = total heat load in the room (W)
Table 5.9 below compares the predicted values for ventilation efficiency to the average values
obtained from the ten (10) measurement locations in each experimental case. For the four (4) factory
cases, a second measured value is listed which corresponds to average ventilation efficiency measured
at the standing breathing level of Z = 0.26 (1.68 in).
TABLE 5.9
Comparison of Calculated vs. Average Measured Values for Ventilation Efficiency, Tl
Case Calculated, r1 Average Measured, ri
CSO 1.44 3.57
OPO 1.37 6.60
CC1 1.49 7.72
CC2 1.49 7.63
CC3 1.51 6.09
HGA 1.43 63.2/1.32
LGA 1.33 9.07/5.81
IGA 1.27 2.29/0.50
LWS 1.60 311 /oo
The measured ventilation efficiency values from the table are extraordinarily high. In the LWS case
where tracer gas was injected above a hot plate, ventilation efficiency approaches infinity (oo) at both
the seated and standing breathing levels. These measurements can be quickly validated by referring
back to the normalized tracer gas graphical results found in Figures 4.21 - 4.26. Measurement points
at the Z = 0.18 elevation reveal normalized concentrations very close to zero compared to one. Such
values translate to very high ventilation efficiencies via Eq. 5.20. The reader should bear in mind,
however, that the measured values for ventilation efficiency are considerably higher than true average
ventilation efficiency throughout the room at the breathing level. Nearly all tracer gas sampling
locations in these studies were outside the flow path of the thermal plumes containing the tracer.
The measured results are very consistent for the office cases (CSO, OPO, CC1, CC2, and CC3). The
CSO value appears relatively low due to the effect of the cubicle walls in constraining the radial
diffusion of the gas. The HGA and IGA factory cases show distinctive differences in measured
ventilation efficiency between the seated and standing breathing elevations. Referring back to Section
4.5, the stratification level in these two cases began to appear in the Z = 0.18-0.26 (1.2-1.7 m) range,
which is the range between seated and standing breathing heights. It is therefore the same drastic
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increase in contaminant concentration that marked the onset of the stratification level that conversely
resulted in a drastic drop in ventilation efficiency.
Four (4) dominant factors contribute to the high ventilation efficiency that appears at the breathing
level in each of these cases:
1) Virtually no air induction occurs from the "dirty" upper zone air into the "clean" supply
airstreams which emanate from the supply diffusers. The installation of the fabric covers shown in
Figure 3.18 contribute substantially to this. Unlike perforated sheet metal diffusers, this tightly
woven fabric provides a relatively large, uniform pressure drop through which the supply air
passes. This results in a very uniform, low velocity air supply distribution. This air velocity is
small enough to not induce entrainment of the contaminated stagnation air above.
2) Another factor preventing induction of air from the upper zone is the presence of warm walls.
The upward buoyant flows in the boundary layer along the warm walls prevent any downdraft of
air from the upper zone down to the breathing elevation.
3) In all experimental cases, tracer gas was injected within the thermal plume produced by a heat
source.
4) No tracer gas measurements were taken within the same thermal plume in which the gas was
injected.
Its quite apparent that predicted values for ri generated by Eq. 5.21 don't agree well with the
experimentally obtained values shown in Table 5.9. The primary cause for this discrepancy is the
lack of representative ventilation efficiency data for areas within the plumes containing the injected
tracer.
5.4 Predicting the Stratification Level Using Plume Models
The use of plume flow estimation can be a very helpful tool in estimating the height of the
stratification level for a particular design stage. A good estimation of plume volumetric flow rate can
be determined for heat sources of reasonably simple geometry. The thermal plume for a given object
will vary with elevation depending upon the source's hydraulic diameter, its position above the floor,
and its rate of heat rejection. The room's average temperature gradient also plays a role in
determining plume volume flow at a given elevation.
In this section plume flow estimates will be calculated for six (6)out of the nine (9) tests evaluated.
Reliable plume flow predictions could not be calculated for the tail pipe simulator in the IGA case or
for the hood flows produced in the CC2 and CC3 cases. These plume flow estimates are based upon a
summation of the volume flow from all of the individual heat sources present in the room during each
test. This includes not only the modeled loads such as the person simulators and PC simulators, but
also thermal plumes produced by the wall surfaces, which in all cases were warmer than the adjacent
room air at the same elevation. In no test cases was any cold surface present which could have
produced a downward plume flow. The values for plume summation increase with height in the room
due to the entrainment of nearby air into the rising plume. This value for total plume flow can be
expressed as a function of height above the floor (in this case "y"). This volume flow rate can be
equated to the room's supply flow rate as is expressed below:
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sup -Tplumes (y) (5.22)
where y = the height above the floor
The following equations proposed by Mundt (1992) were use here to estimate the volume of plume
flow produced by each simulator for a given experimental case:
0.00238Q, 3'4s-5'(0.004 +0.039y, + 0.380y 2 - 0.062y 13 ) (5.23)
y1 = 2.86(y + y.)Qc-4 S3/ 8  (5.24)
Ymax = 0.98Qc14s-3'8 - y. (5.25)
where V = the plume's volumetric flow rate (m3/s)
Ymax = the maximum height the plume will reach (m)
s = air temperature gradient (0 C/m)
Q, = the convective heat emission (W)
y = the height above the object (in)
yo = the distance below the top of the object to the virtual plume origin (m)
In these equations, it is important to know the convective heat emission (Q) for each source. This
can be found through the same procedure outlined in Section 5.1 beginning with Eq. 5.10, which
states that for any given heat source:
Qtotai = Q, + QC (5.26)
In Section 5.1, the estimated radiative portion of each load (Q,) was used in the five node temperature
model toward determining floor, above floor, wall, and ceiling temperatures. Here, the convective
portion (Qc) will be used toward determining plume volume flow. For each test case, values for
convective heat rejection can be obtained from Tables 5.5a to 5.5f. A sample table from this section
is shown below as Table 5.10, which is from the Computer Cluster 1, 2, and 3 (CC 1, CC2, CC3)
cases.
TABLE 5.10
Load Characterization for the Computer Cluster 1, 2, and 3 (CC 1, CC2, CC3) Cases
Load Qtotal Radiative Qr,L F'L-f Qr,L-f F'L-w Qr,L-w F'L-c Qr,L-c
(W/m 2) Fraction (W/m 2 ) (W/m2 ) (W/m2 ) (W/m2)
Person Simulators 448 0.6 269 0.40 108 0.40 108 0.20 54
PC Simulators 544 0.5 272 0.40 109 0.40 109 0.20 54
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1724 907 363 363 181
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The third column entitled "Radiative Fraction" is the value (1-k), where k was defined earlier in Eq.
5.11 as the convective fraction of each heat load. The convective load from each source can
therefore be determined by:
Qc =kQt (5.27)
where k = (1 - radiative fraction) from Table 5.10.
Eqs. 5.23 - 5.25 also require a value for temperature gradient, s. This can be estimated by
approximating a constant temperature gradient between the air temperature above the floor, Taf, and
the exhaust/ceiling temperature, Tej,. These values can be found from the five node temperature
model calculation.
The following equation proposed by Nielsen (1993) to predict the plume flow generated by a wall or
other large vertical surface was used here to quantify the boundary layer volume flow along the walls:
-= 0.0028ATw 5y6 'al (5.28)
where V = the total flow rate of the boundary layer at y (m3/s)
y the vertical distance from the floor (m)
ATw = the temperature difference ('C) between the wall and adjacent air (Tf - Tair)
I = the horizontal width of the wall or surface (m)
The following Figures 5.24a through 5.24e graphically show the intersection of the plume
summation curve with the supply volume curve for each test case. The CSO and OPO cases are
combined on the same graph since the ventilation rate, heat loads, and temperature gradients were
nearly identical. The elevation at which this intersection occurs is the estimated stratification level.
CSO/OPO Cases
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Figure 5.24a: Volumetric Flow Rate of Room Air Supply
for the CSO/OPO Cases
vs. Plume Flow Rate
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Also shown on each figure is a vertical line designated "hmaxp" or "hmaxw". This line represents for
each case the calculated maximum propagation height of the plume in which tracer gas was injected.
The path of the "Plume Total" curve in these graphs is no longer accurate beyond this height. In all
but one case shown here tracer gas was injected atop a person simulator (PS). In the LWS case in
Figure 5.24e, tracer gas was injected just above a welding simulator (WS). These values were
calculated by Eq. 5.25. It is very important from a design view point to ensure that any heat source
associated with a contaminant have a maximum plume height which at least reaches the stratification
level. Doing so allows the contaminant to accumulate concentration in the upper zone where it can
then be exhausted.
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Figure 5.24b: Volumetric Flow Rate of Room Air Supply vs. Plume Flow Rate for the CCl Case
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Figure 5.24c: Volumetric Flow Rate of Room Air Supply vs. Plume Flow Rate for the HGA Case
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Figure 5.24d: Volumetric Flow Rate of Room Air Supply vs. Plume Flow Rate for the LGA Case
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Figure 5.24e: Volumetric Flow Rate of Room Air Supply vs. Plume Flow Rate for the LWS Case
The factory cases generally have a higher calculated maximum plume height than do the office cases.
This is attributed to the person simulators in the standing as opposed to sedentary position. In all
cases the walls appear to contribute substantially to the total plume flow. This can be seen easily with
a separate line shown for wall volume flow compared to total plume flow, which includes the walls in
addition to the heat sources throughout the room. The inclusion of the wall clearly leads to much
higher total plume flow rate and therefore much lower stratification level. Table 5.11 on the
following page compares the results from the two methods used here to identify the height of the
stratification level (Hstrat) in the experimental cases. Also listed on this table are values for maximum
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plume height associated with tracer gas injection (hmax). Locations identified with an asterisk (*)
indicate values which could not be readily obtained through simplified modeling.
TABLE 5.11
Comparative Estimates of Stratification Height and Maximum Plume Height
Case Measured Hstrat via Predicted Hstrat via hmax via Plume Models
Tracer Gas (m) Plume Models (in) (m)
CSO 1.2- 1.7 1.2 2.0
OPO 1.2- 1.7 1.2 2.0
CC1 1.2- 1.7 1.1 1.7
CC2 1.2- 1.7 * *
CC3 1.2- 1.7 * *
HGA 1.2- 1.7 1.15 2.4
LGA 1.7-2.3 1.5 2.6
IGA 1.2-1.7 * *
LWS 1.2-1.7 1.3 2.4
* indicates values which could not be readily obtained through simplified modeling
The range of values for estimated stratification height obtained through tracer gas distribution are
unfortunately quite vague. Stratification heights estimated from the plume calculations consistently
appear to agree well with the lower range of values taken from tracer gas analysis. It is also
significant from Table 5.11 that according to both methods of determining Hstrat, maximum plume
heights penetrated the stratification level. This result applied in all test cases.
5.5 CFD Correlations
The data collected in these test cases was used to validate a computational fluid dynamics program
(Allocca, 2000). Samples of the temperature and tracer gas distributions are shown for an office case
and for a factory case. Figures 5.25a and 5.25b respectively show the temperature and tracer gas
distributions at two of the ten measurement locations in the cubicle style office (CSO) case. Figures
5.26a and 5.26b illustrate samples of these distributions in the light welding shop (LWS) case.
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Figure 5.25a: A Comparison between CFD Modeling Results and Raw Air Temperature Data for
the Cubicle Style Office (CSO) case
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Figure 5.25b: A Comparison between CFD Modeling Results and Raw Tracer Gas Data for
the Cubicle Style Office (CSO) case
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the Light Welding Shop (LWS) case
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Figure 5.26b: A Comparison between CFD Modeling Results and Raw Tracer Gas Data for
the Light Welding Shop (LWS) case
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5.6 Design Guidelines
The Fractional Coefficient Method proposed by Chen, Glicksman (1998) which was validated for
smaller spaces provides a good framework for design of displacement systems in large spaces as well.
Ultimately, the best tool in the design of such large spaces is the use of a validated Computational
Fluid Dynamics program. However, such a powerful tool is often not convenient or warranted. In
many cases where reasonable estimations are sufficient, the use of simple mathematical tools such as
the those developed and discussed to this point are more in order. The intention of the following
design guidelines are just that - to serve as a tool to provide a reasonable estimate as to how a
displacement ventilation system will perform. A design guideline such as this could be considered a
means to arrive at a "first stab" as to how a displacement ventilation system might perform in a given
environment.
This approach here, in keeping with the Fractional Coefficient Method is to determine key parameters
such as ventilation rate, and air supply temperature. Many of the steps from the Fractional
Coefficient Method will not change at all here. The steps of this procedure are as follows:
1) Judge the applicability of displacement ventilation
Application of displacement ventilation should be considered for spaces with a minimum ceiling
height of 2.4 m and with contaminant sources associated with heat sources. Cooling loads
should not exceed 120 W/m 2 . Core regions of buildings are more suited for displacement
ventilation than perimeter areas, which are impacted by additional solar loads and may also
require winter heating. Machinery or equipment which induces a large amount of air flow should
be avoided, as localized mixing will occur. A VAV installation should be considered for spaces
with large load fluctuations as plume flow can be matched by room supply flow to maintain a
fixed stratification level above the occupied zone.
2) Quantify and characterize the space loads
This is the procedure developed in Section 5.1 to quantify the load matrix in the five node
temperature model. It involves an assessment of all the predicted building loads which will
impact the ventilation system. This will include occupant and equipment loads, lighting loads,
and building envelope and fenestration loads. An example of this procedure is shown in the chart
below for the Cubicle-Style Office (CSO) case.
Load Qtotal Radiative Qr,L F'1f QrL-f F'l, Qr,L-w F'Lc Qr,L-c
(W/m2 ) Fraction (W/m 2) (W/m 2) (W/m 2) (W/m 2)
Person Simulators 300 0.6 180 0.40 72 0.40 72 0.20 36
PC Simulators 360 0.5 180 0.40 72 0.40 72 0.20 36
Gen. Lighting 732 0.5 366 0.40 146 0.40 146 0.20 73
Totals 1392 726 290 290 145
where Qtotai = total energy input of load (W)
Radiative Fraction = (1 - k), where k is the fraction of the load rejected through convection (-)
Qr,L-f radiative energy transmitted from the load to the floor (W)
F'Lf,= fraction of radiative energy transmitted from a load to the floor (-)
Qr,L-w radiative energy transmitted from the load to the walls (W)
F'Li = fraction of radiative energy transmitted from a load to the wall (-)
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QrL-c = radiative energy transmitted from the load to the ceiling (W)
F'Lc= fraction of radiative energy transmitted from a load to the ceiling (-)
As is shown by the breakdown below the sample chart, individual loads are itemized, and
radiative impact upon the floor, ceiling, and walls is assessed. The details of this procedure in
Section 5.1 beginning with Eq. 5.10 should be followed in the completion of this step.
3) Define the comfort criteriafor the application at hand
Determine the desired air temperature at the head level, Th. This will likely be the temperature to
which the local thermostat will be controlled. An appropriate value for AThf must also be
determined with the understanding that this level spans from 10 cm above the floor to 1.1 m
above the floor. For comfort cooling application with sedentary occupants, a value of 2'C is
recommended. For factory applications involving standing occupants with light work, a 3C/m
temperature gradient near the floor may be more appropriate. Finally a target stratification
height, Hstr must selected. Appropriate selection of this value involves consideration of the
consequences should an occupant breathe "contaminated" air from above this level. Exposure to
high amounts of CO2 in a comfort cooling environment, for instance, lacks serious health
implications compared to breathing large amounts of fume produced by certain metal joining
operations in a factor setting. Most present design guidelines call for a stratification height
between 1.8 m and 2.4 m.
4) Use plume modeling to determine the required ventilation rate
Now that the space loads and building envelope loads are accounted for, the desired stratification
height is known, and the target temperature gradient has been established, enough information is
known to generate plume models in the same manner shown in Section 5.3 Expressions
developed by Mundt (1992) allow plume volume flow in a temperature stratified environment to
be expressed as a function of height above the floor. A summation of these plume flows at the
desired stratification height will yield a required room ventilation rate, V, via Eq. 5.22. This is
the ventilation rate required to sustain the stratification height at the predetermined level,
neglecting the influence of unknown heat sources as well as any re-entrainment of room air by
the supply diffusers. Calculations for maximum plume height should also be performed here to
ensure that the plumes will be backed by a suitable buoyant force to carry them into the upper
zone.
5) Calculate temperatures using the five node temperature model
Solving the temperature matrix in the five node temperature model presented in Section 5.1
yields values for supply temperature (Ts,,p), exhaust/ceiling temperature (Teh), floor temperature
(Tf), wall temperature (T,), and air temperature above the floor (Taf). In the previous analysis of
the experimental cases, supply temperature (TSUP) was assigned a value to "ground" the system,
so to speak. For design purposes, the air temperature above the floor (Taf) is the node which is
grounded. Its value can be determined by the following expression:
Taf = Th - AThf (5.29)
where Th = desired room temperature at the head level, set in Step 3 ('C)
AThf = desired temperature difference between the head and foot level, also from Step 3 ('C)
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6) Use the Fractional Coefficient Model to verify ATh!
The cooling load should be itemized into the following categories based upon the load chart
assembled from Step 2:
Qoe - loads located directly in the occupied zone such as people, PC's, machinery (W)
Qi - load due to overhead lighting (W)
Qex - heat transfer to the space by wall convection (W)*
*note that this differs from the definition proposed by Chen, Glicksman (1998), which
is heat conduction through the building envelope and transmitted solar radiation (W)
With values for average wall temperature (Tw), exhaust/ceiling temperature (Teh), and air
temperature above the floor (Taf) obtained from Part 5, an estimation for wall convection (here,
Qe) can be obtained through the following expression:
Q = heAW TW - (Texh Taf (5.30)
1 2
where h,, = wall convection coefficient, taken in these cases as 1.5 W/m 2 ,C
Aw = the total wall area (m2)
With the load components Qoe, Q1, and Qex now determined along with the ventilation rate found
from Step 4, the fractional coefficient relationship can be used to solve for AThf with the
following:
AThf (aoeQoe +a 1Q1  aexQex) (5.31)
pCfV
where V = room ventilation rate (m3/s)
AThf temperature rise between head and feet
aoe, a,, and aex = 0.295, 0.132, and 0.185, respectively
If agreement is good between the resultant AThf value obtained through Eq. (5.29) and the value
targeted by Step 3, then the designer should be comfortable proceeding the following step. If,
however, agreement is not acceptable, then the value for room ventilation rate should be
adjusted, and Steps 5 and 6 repeated. If ventilation rate is reduced, then the subsequent impact
upon stratification height should be noted.
7) Determine the ratio offresh air to supply air, r/
This is simply establishing as a percentage of V, the percent of fresh air contained in the supply
air stream. This value is dependent upon the use of the space. For a laboratory with hazardous
chemicals, rf will be 100% while for a common office environment, rf will be minimized to
decrease energy costs.
8) Select the air supply diffuser(s)
The maximum recommended face velocity for a displacement supply diffuser is 0.2 m/s. Any
greater velocity will raise draft risks and also induce mixing. A few simple rules are
recommended in regards to diffuser selection:
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= Avoid placing diffusers near large obstacles
=> The diffusers should be placed along walls opposite exterior walls/windows.
o Rather than dramatically increasing diffuser size, a greater number of diffusers is
recommended for spaces with high internal loads.
9) Check areas distant from the supply diffuser
It was shown in Section 4.2 that values for Taf rise with distance from the supply diffuser due to
bulk airflow temperature increases. A method to estimate this phenomenon was developed in the
latter part of Section 5.1 with Eqs. 5.15 and 5.16. These equations can be used to calculate an
adjusted Taf distant from the diffuser.
10) Contend with a winter heating situation
A displacement ventilation system will not function properly if the supply temperature to a
space, TSUP is greater the temperature to be maintained in the occupied zone, Th. Because of the
low velocity to avoid mixing, warm air discharged from a displacement diffuser will rise quickly
toward the ceiling, leaving the occupied zone unheated.
A secondary heating system is necessary to neutralize the loss of energy through the building
envelope, while still allowing the displacement effect to take place in the occupied zone of the
room. Perimeter heating devices such as hydronic baseboard heat, steam radiators, and overhead
radiant heating systems a generally recommended. Heating capacity should be slightly larger
than the anticipated heat loss through the building envelope to ensure that wall surface
temperature remains warmer than ambient air.
11) Estimate the first costs and annual energy consumption
This step should be performed when drawing comparisons between a mixing system for a
particular climate.
It should be noted that the weighting coefficients aoe, a,, and ae, used in this design method have been
validated only for small offices and classrooms with relatively low ceilings. Their applicability for
use in high ceiling areas still remains an open question. Predicted ventilation efficiency was not used
in this design guideline as a basis for establishing the room ventilation rate since agreement between
measured data and existing models was poor. Based upon the high measured results for ventilation
efficiency in this high space study, it appears that comfort issues will drive the limiting ventilation
rate rather than air quality issues.
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CONCLUSIONS
Much was either learned or verified in this experimental investigation of displacement ventilation in a
high ceiling room. Most notably perhaps in this case is the significant impact the walls had in
generating large plume flows. In some test cases the walls generated more plume volume flow at the
stratification level than did all of the load simulators combined. The walls also contribute
substantially to the total radiative incident loading to the floor. In most cases, the walls accounted for
roughly fifty percent (50%) of the estimated radiation to the floor, with the balance of the incident
energy coming from the ceiling and the heat sources in the occupied zone.
The air temperature data drawn from these experimental cases shows a higher temperature gradient
within two meters of the floor compared to higher elevations in the room. A design model using a
constant temperature gradient assumption to estimate the temperature difference between head and
foot levels would have thus erred considerably. With some modification, however, the fractional
coefficient method for determining the temperature rise between head and foot levels correlated
reasonably well with the measured data.
Plume modeling was found to work quite reliably in estimating the plume volume flow generated by
heat sources of simple geometry. Predicted stratification heights using plume modeling agreed well
with stratification heights taken by inspection of contamination concentration distributions.
Distance from the supply diffusers in this experimental study was found to have an impact upon floor
temperature and air temperature above the floor near the ankle level. These temperatures increased in
areas far from the supply diffusers due to a bulk warming of the air as it would move along the floor.
This actually improves values for temperature difference between the head and foot levels from a
comfort standpoint, since the air temperature at the head level did not vary.
A five node temperature model was found to work quite well in predicting values for exhaust
temperature, wall temperature, floor temperature, and air temperature above the floor when a given
supply temperature was set. This model made the assumption of a ceiling temperature equal to that
the exhaust. An adjustment to this model can be performed to better predict floor and above floor air
temperatures at larger distances from the supply diffuser. A methodical approach to assessing the
radiative and convective qualities of the heat loads is used in conjunction with this method.
Finally, a design guideline was proposed for high spaces under known loading conditions which
utilizes plume modeling, the five node temperature model, and the fractional coefficient method to
arrive at predicted values for required ventilation rate and supply temperature.
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APPENDIX
Data from the following test cases are presented here in numerical and graphical form in the following
order:
1) Cubicle Style Office (CSO)
2) Open Plan Office (OPO)
3) Computer Cluster 1 (CC 1)
4) Computer Cluster 2 (CC2)
5) Computer Cluster 3 (CC3)
6) Heavy General Assembly (HGA)
7) Light General Assembly (LGA)
8) Inductive General Assembly (IGA)
9) Light Welding Shop (LWS)
10) Heavy Welding Shop (HWS)
The data presented for each test case is outlined in the following manner:
I) Numerical Data
A) Main Data Page
B) Wall Temperatures
C) Floor/Ceiling Temperatures
D) Supply Volume Measurements
II) Graphical Data
A) Air Temperatures (Raw and Normalized)
B) Contaminant Concentrations (Raw and Normalized)
C) Air Velocity
D) Wall Temperature Distribution
E) Wall-Air Temperatures
F) Comfort-Related Temperatures
G) Plume Results (if applicable)
III) Calculations
A) Wall Transmission
B) Convection and Radiation Calculations
Notes:
1) Labels for measurement locations for all ten (10) test cases listed in the appendix differ slightly
from those presented in the main paper. An additional letter "P" appears in appendix labels.
Thus measurement locations listed in the main paper as NI, E2, and C are referenced in the
appendix as NPI, EP2, and CP.
2) The broken lines shown in the velocity graphs at the 0.08 m/s value indicate the minimum
calibration point of the hot sphere anemometers.
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CsoWALL TEMPERATURESDate: Dec. 22, 1999
Start Time: 9:40
End Time: 15:50
Title: Cube Office #1
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.6 23.9 24.0 23.5 22.8
2 23.2 23.3 23.1 22.9 22.4
3 22.5 22.5 22.4 21.8 21.7
4 21.2 21.5 21.7 21.1 20.7
5 20.6 2077 1 1W7
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 23.2 22.8 23.1 22.9 22.7 22.7
2 22.8 22.6 22.7 22.8 22.6 22.6
3 22.1 22.2 22.3 22.3 22.3 22.3
4 20.9 21.5 21.3 21.4 21.3 20.6
5 1-9T.9 1. 20.4 20.6 20.5 19.6
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22.6 23.1 23.7 23.8 23.2
2 22.5 22.7 23.3 23.1 22.9
3 22.0 22.1 22.3 22.3 22.4
4 20.6 21.1 21.7 21.5 21.3
5 . 20.2
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.4 23.3 23.8 23.5 23.7 23.8
2 23.2 23.1 23.3 23.1 23.1 23.3
3 22.8 22.6 22.5 22.4 22.2 22.4
4 21.8 21.8 21.8 21.5 21.5 21.4
51
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.9 24.1 24.2 23.6 22.8
2 23.6 23.6 23.3 22.9 22.4
3 22.5 22.5 22.4 22.2 21.7
4 21.7 21.9 21.9 21.6 20.7
1 121.5 21.01 20. 76 197
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 22.9 22.9 22.8 22.8 22.8 22.7
2 23.0 23.0 22.9 22.9 22.8 22.6
3 22.5 22.3 22.3 22.3 22.2 22.1
4 22.2 21.3 21.6 21.6 21.6 21.2
520S 20.5 2 . .21.2 21. 2U.6
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22-6 23.9 24.4 24.7 24.4
2 22.5 230 235 236 235
3 22.0 22.2 22.4 22.6 22.6
4 20.6 21.4 21.9 21.9 21.9
5 T 2D82
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.4 23.3 23.8 23.5 23.7 23.8
2 24.0 23.7 23.4 23.3 23.3 23.5
3 23.6 23.2 23.2 23.0 22.9 23.3
4 23.1 22.6 22.7 22.6 22.4 23.0
5 .2.22-3 22 2.1 2
Date: Dec. 22,1999
Start Time: 9:40
End Time: 15:50
Title: Cube Office #1
Description: 4 Cubicle-style offices separated by
5'-6" high partitions. One PC and one
occupant simulator in each office.
Tracer Gas injected from PSNW
1O:4
CONTROLLED LOADS
I.D. Description X Y Z Watts Surf. T dTair (C)
PCNW PC Simulator (NW) 0.61 0.97 0.97 92 32.5 7
PSNW Person Simulator (NW) 1.32 0.97 0.56 75 30.3 n/a
PCNE PC Simulator (NE) 0.61 -0.36 0.97 92 33.8 9.5
PSNE Person Simulator (NE) 1.32 -0.36 0.56 75 30.0 n/a
PCSE PC Simulator (SE) -0.61 -0.36 0.97 88 33.4 9.5
PSSE Person Simulator (SE) -1.32 -0.36 0.56 75 30.8 n/a
PCSW PC Simulator (SW) -0.61 0.97 0.97 88 33.0 10
PCSW Person Simulator (SW) -1.32 0.97 0.56 75 30.5 n/a
LF Long Fluorsecent Fixtures (on layout) 732 In/a n/a
Temperature 3 C 652 8 (M 3/hr) n/a (M A 3 / _hr)
Wind Speed 2 m/s Air Exchange Rate 3.1/ ac Total 1392
NP1 Seq#: I NP2 Seq#: 21NP3 Seq#: 5 NP4 Seq#: 3NP5 Seq#: 4
Time(S/F):
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.71 n/a 0.486 23.49 n/a 0.504 23.52 n/a 0.619 23.74 n/a 0.508 23.48 n/a 0.547 Exhaust
0.56 22.60 <0.08 1.290 22.68 <0.08 0.568 22.67 <0.08 1.250 22.64 <0.08 0.412 22.30 0.090 0.387 0.56
0.46 22.31 <0.08 1,140 22.35 <0.08 1.010 22.34 <0.08 1.010 22.19 <0.08 0.428 22.13 <0.08 0.697 0.46
0.36 22.15 <0.08 1.240 22.15 <0.08 2.010 22.06 <0.08 1.440 22.01 <0.08 0.447 21.90 <0.08 0.684 0.36
0.26 21.76 <0.08 4.590 21.65 <0.08 5.340 21.53 <0.08 5.430 21.62 <0,08 0,707 21.44 <0.08 0,754 0.26
0.18 20.60 <0.08 0.254 20.54 <0.08 0.444 20.32 <0.08 0.441 20.48 <0.08 0.360 20.38 <0.08 0.268 0.18
0.11 19.81 <0.08 0.161 19.91 <0.08 0.125 19.68 <0.08 0.204 19.22 .080 0.159 18.86 0.100 0.172 0.11
0.06 19.04 <0.08 0.117 19.29 <0.08 0.097 18.92 <0.08 0.183 18.70 0.085 0.109 18.39 0.085 0.152 0.06
0.03 19.19 0.085 n/a 18.63 0.100 n/a 17.53 0.110 n/a 18.24 0095 n/a 17.91 0.110 n/a 0.03
0 21.46 n/a n/a 21.34 n/a n/a 20.64 n/a n/a 20.58 n/a n/a 20.44 n/a n/a 0
Supply .--T n a , .Tna .W. na .04 .T n/a 0.043 .W5 ' n/a 0.048 Supply
SPr Seq#: 6 SP2 Seq#: Seq#: 8 SP4 Seq#: 9 SP5 Seq#: 10 <-- PI
Time(S/F): :: Time(S/F): 1:2 : Timne(S/F): :7'4 -- 4:75 Time(S/F): 1:07 1:3 Time(S/F): 4:M
Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.71 n/a 0.939 23.58 n/a 0.772 23.46 n/a 0.609 23.62 n/a 0.788 23.54 n/a 0.835 Exhaust
0.56 22.39 <0.08 0.394 22.56 <0.08 0.379 22.96 <0.08 0.486 22.65 <0.08 0.541 22.38 <0.08 0.560 0.56
0.46 22.11 <008 0.372 22.29 <0.08 0.329 22.33 <0.08 0.666 22.31 <0.08 0.415 22.28 <0.08 0.487 0.46
0.36 21.96 <0.08 0.469 22.07 <0.08 0.245 22.03 <0.08 0.369 22.16 <0.08 0.357 22.05 <0.08 0.665 0.36
0.26 21.49 <0.08 0.479 21.67 <0.08 0.128 21.63 <0.08 0.188 21.75 <0.08 0.183 21.61 <0.08 0,242 0.26
0.18 20.50 <0.08 0.118 20.78 <0.08 0.092 20.50 <0.08 0.093 20.74 <0.08 0.100 20.54 <0.08 0.096 0.18
0.11 19.37 0.080 0.108 19.45 <0.08 0.101 19.34 <0.08 0.096 20,02 <0.08 0.093 19.82 <0.08 0.087 0.11
0.06 18.23 0.080 0.093 18.65 0.085 0.105 19.00 <0.08 0.087 19.38 <0.08 0.101 18.86 0.085 0.080 0.06
0.03 17.62 0.120 n/a 17.73 0.080 n/a 17.73 0.095 n/a 18.45 0.090 n/a 18.14 o.o90 n/a 0.03
0 20.80 n/a n/a 20.44 0.090 n/a 20.51 n/a n/a 20.87 n/a n/a 21.051 n/a n/a 0
Supply &5 5 i/a . .0n7a . 15.5 n/a ., WW n/a 06. . na .,6 Supply
CSOMAIN DATA
11 :2b 1z UU10:41 Time(S/F): 11:22 Time(S/F): 12:24 12:b4 Time(S/F): 11:bd Time(S/F): 1I z:1
Date: Dec. 22, 1999
Start Time: 9:40
End Time: 15:50
Title: Cube Office #1
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
2
3
21.2
20.9,
20.61
4..__ 19.6 20.
5 19.6i I_________I____
<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
1 24.0 24.2
2 23.7 24.1
3 23.6 24.0
4 23.4 23.7
SOUTH CEILING TEMPS
1 2
1 23.9 24.0
2 24.0 24.1
3 23.8 23.7
4 23.6 23.5
Notes:
5 _7 6
MEASURED FLOOR TEMPERATURES (TC)
1 2 3 4
1/ff///ff/ 21.05 21.467
2 20.87
3 20.51 E g2
4 20.44
5 Vfffff//ffff/f/g 20.81 20.44ME1ff
022.0-22.5
021.5-22.0
E21.0-21.5
1120.5-21.0
*20.0-20.5
" 19.5-20.0
" 19.0-19.5
CSOFLOOR /CEILING TEMPERATURES
A power interruption occured during the data acquisition at position SP5
Air was not allowed to pass beneath the 5'-6" high partitions
AIR VOLUME MEASUREMENTS
Date: Dec. 22, 1999
Start Time: 9:40
End Time: 15:50
Title: Cube Office #1
Anemometer #:
Supply Volume (via controls): 520 cfm
SOUTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.120 0.110 0.120 0.090 0.090
2 0.170 0.120 0.100 0.120 0.085
3 0.080 0.090 0.110 0.090 0.180
4 0.100 0.110 0.140 0.140 0.110
5 0.090 0.085 0.090 0.085 0.120
6 0.130 0.090 0.100 0.100 0.180
7 0.100 0.085 0.090 0.140 0.080
8 0.110 0.130 0.160 0.130 0.100
9 0.085 0.120 0.090 0.080 0 080
10 0.130 0.080 0.085 0.085 0 070
MEASURED DIFFUSER AIR VOLUME
cfm mA3/hr l/s
North Diffuser: 198.1 337.4 93.725
South Diffuser: 185.2 315.4 87.6125
Total Room: 383.2 652.8 181.338
Room ACH: 3.17 ACH
/ftA2 /mA2
Volume/Unit Area: 1.13 20.66
CSO
NORTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.130 0.130 0.100 0.100 0.090
2 0.090 0.140 0.100 0.140 0.200
3. 0.085 0.150 0.090 0.085 0.130
4 0.110 0.130 0.090 0.090 0.085
5 0.190 0.090 0.220 0.090 0.085
6 0.110 0.140 0.085 0.120 0.120
7 0.170 0.130 0.060 0.080 0.230
8 0.130 0.130 0.110 0.060 0.180
9 0.130 0.090 0.090 0.100 0.090
10 0.090 0.090 0.100 0.085 0.090
PRESSURIlA I IUN (via smoke test)
Height (ft) POS. NEUTRAL NEG.
9 X
8 X
7 X
6~ x
5 x __ _ _
4_______ x _____ _ _
3_______ x____
2 x1~ x
- 0- - . - ---- - -6-,g-- - - -- - - - 1 . ",-ON N
1
07 pnhmh4~ NP 7 - PpleI"P2
4 EX1
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0.7
0.6
0.5
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WALL TEMPERATURES
1 2 3 4 5
1
2
-4
N26.0-27.0
025.0-26.0
024.0-25.0
1323.0-24.0
M22.0-23.0
*21.0-22.0
E20.0-21.0
E 19.0-20.0
026.0-27.0
025.0-26.0
024.0-25.0
0123.0-24.0
022.0-23.0
* 21.0-22.0
E 20.0-21.0
E 19.0-20.0
1 2 3 4 5
1
14 1 2 3
5 6 12 3
Cso
1
2
3
4
026.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
M22.0-23.0
M 21.0-22.0
E20.0-21.0
0 19.0-20.0
2
-3
-4
E26.0-27.0
025.0-26.0
0324.0-25.0
0 23.0-24.0
M22.0-23.0
* 21.0-22.0
0 20.0-21.0
E19.0-20.0
-win MORMON I No
1
-5
6
1 2 3 4
4 5
NORTH WALL (N
Wall A
24.0
23.1
22.4
21.7
20.8
22.4
EAST WALL (NPE
Wall A
22.8
22.6
22.2
21.5
19.2
21.66
WEST WALL (SP
Wall A
23.3
23.1
22.6
21.8
21
22.36
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
P3) 27.0
ir 26.0
22.67 25.0
22.34
24.0
22.06 .J 0
.-o22.0
21.53 21.0
20.32 20.0
19.68 19.0
18.92 18.0
21.07
ir 27
22.3 26
22.13 25
24
21.9 :a
22-
21.44 21
20.38 20
18.86 19
18.39 18
20.77 0
5) 27
ir 26
22.38
22.28 25
24-
22.05
22
21.61 21
20.54 20
19.82 19
18.86 18
21.08
0 0.2 Z 0.4
S emperMures
-- Wall ---
d- 0.7
----- dA =-.7- cc
SOUTH WALL (S
+-Wall
--- Air
------------ 4
- - 1.2 -
---- T=1.22 
-
0.6
Wall A
24.4
23.5
22.4
21.9
21.1
22.66
EAST WALL (SP1
EAST
WALL
dT =
0.81C
0.2 Z 0.4 0.6
Sol, ME 4 I.
0 0.2 Z 0.4
Wall
0.56 22.7
0.46
0.43 22.6
0.36
0.3 22.3
0.26
0.18 21.3
0.11
0.06 20.5
Avg. 21.88
A
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
20.86
WEST WALL (NP1)
WEST
WALL
dT =
1.07C
0.
0.
Wall Air
56 23.7 22.6
46 22.31
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg
23.1
22.15
22.2
21.76
21.5 20.6
19.81
20.9 19.04
22.28 21.18u.0
WALL-AIR TEMPERATURES
WzatI-Air T~mn~r2ti.r4~P3 ) 27.0
ir 26.0
22.96 25.022.33
24.0
22.03 .0
22.0
21.63 21.0
20.5 20.0
19.34 19.0
19 18.0
21.11
)
ir 27
22.39 26
22.11 25
24
21.96 41
22
21.49 21
20.5 20
19.37 19
0 0.2 Z 0.4 0.E
27.0 
-
26.0 --- Wall
-U-Air
25.0 -
24.0 - - ---
21.0 ----- --------------
20.0 - -
19.0 dT=0.98
18.0
0 0.2 Z 0.4 0.6
0 0.2 Z 0 4 0.6
-- Wall---------------
-- - A ir - - -
-------------------
- ----- 
-dT=0.86C
-- - -- - -
-- - - - - -
*4-Wall
-5-Air
----- dT=1.32C
- - -- -- -- -
+-Wall
-d.-Air
- - -
- -dT=1.16C
Cso
$too"$
.
COMFORT-RELATED TEMPERATURES CSO
Floor and Near Floor Temperatures
$
23
22
18
17
16
0
5.00
*Tfloor
ETabovefloor
I
6
In
U
a
1 Distance I&om Supply Dilfuser (m) 4
Temperature Gradient from Head to Foot
Uim
aI
U
S
a
0 1 Distance krom Supply Dlffuser (m) 4
0.90
0.80 -
0.70 -
0.60 -
e
0.50 -
0.40
0.30
V.2U
5 0
Normalized Temperatures
*Qfloor
*Qabovefloor
U
U
a
In
UN
In
U
IN
1 Distance2rom Supply Diffuser (m) 54
avg.. T sup = 15.503 C
avg.. T exh = 23.585 C
near floor T = 18.117 C
avg. floor T = 20.74 C
* DThf (seat)
* DThf (stand)
5
24
U
3
4.50
4.00
3.50
3.00
2.0
2.00
.50 +
1.00
0.50
0.00
0 t*
1
0.5 1 Room i-eight (m) 2 2.5 3
h(m)
1.27
1.12
1.24
z
0.19
0.17
0.19
h(m)
1.18
1.02
1.12
z
0.18
0.16
0.17
Volumetic Flow Rate of Wall Convection --> Skaret
= 0.01 14(gATf / T)0 4 zIAB
Plume Flow Rates --> Skistad
-= k(g/CppT)l z5 '3
Mundt (1992)
= 0.0023 8Q "'s'(0.004+.039y, +0.380y 2 - 0.062y,3)
y = 2.86(y + yo)Q-14 s 3/8
CSoPLUME FLOW
1200 -
1000 -
4A00 -
0
rL600 -
2
E
-5400 -
200 -
0
0
Zmax =
Zmin =
Zmundt =
-400 0 No* Now- 
-00* Ni gm - ft V_ 0,
now, alft
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
4 2 3- 4 5
1 03 0.2 0.2 0.1 0.0
2 0.4 0.3 0.2 0.0 0.0
3 0.0 0.0 0.0 0.4 0.0
4 0.5 0.4 0.2 0.5 0.0
5 0 9 0 3 0.0 0.1 .0. 0
MEASURED EAST WALL dT
1 2 3 4 5 6
-0.3 0.1 -0.3 -0.1 0.1 0.0
2 0.2 0.4 0.2 0.1 0.2 0.0
3 0.4 0.1 0.0 0.0 -0.1 -0.2
4 1.3 -0.2 0.3 0.2 0.3 0.6
5 0.4 1.3 0.8 0.6 0.5 1.01
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 1.1 0.8 0.8 0.4 0.0
2 1.8 1.4 1.0 0.0 0.0
3 0.0 0.0 0.0 1.9 0.0
4 2.1 1.8 0.9 2.3 0.0
S 3.7 1.3 0.0 0.4 0,0
EAST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 -1.2 0.4 -1.2 -0.4 0.4 0.0
2 1.0 2.1 1.0 0.5 1.0 0.0
3 2.1 0.5 0.0 0.0 -0.5 -1.0
4 6.4 -1.0 1.5 1.0 1.5 2.9
5 1.9 6.2 3.8 2.9 2.4 4.81
MEASURED SOUTH WALL dT
1 2 3 4 5
0.0 0.8 0.7 0.9 1.2
2 0.0 0.3 0.2 0.5 0.6
3 00 0.1 0.1 0.3 0.2
4 00 0.3 0.2 0.4 0.6
0 0.6 0.5 0.4 0.4
MEASURED WET ALL dT
1 2 3 4 5
1 0.0 0.0 0.0 0.0 0.0 0.0
0.8 0.6 0.1 0.2 0.2 0.2
3 0.8 0.6 0.7 0.6 0.7 0.9
4 1.3 0.8 0.9 1.8 . .6
5 1.7 1.3 1.2 1.4 1.0 1.7
SOUTH WALL HEAT FLUX (Watts)
111 -- 2 3 4 5
1 0.0 3.1 2.7 3.5 4.
2 0.0 1.4 1.0 2.4 2.7
3- 0,01 0.5 0.5 1.4 0.9
4 0j 1.4 0.9 1.8 2.6
1 51 0.01 2.7 22 1.81 1. 7
WEST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 . 00 0.0 0.0 00 0.
-2 4.2 3.11 0. 1.0 1.0 - 1.0
3 5.0 1.8 2.0 1.8 2.0 5.6
4 7.5 2.2 2.5 3.0 2.5 9.3
5 9.6 3.5 3.2 3.7 2.7 9.6
NORTH
SOUTH
EAST
+ WEST
WALL HEAT FLUX:
WALL HEAT FLUX:
WALL HEAT FLUX:
WALL HEAT FLUX:
21.8 W
39.4 W
38.9 W
88.3 W
|II<----- Indicates that no outer surface temperature could be
measured at that point
188.3 W (+ value indicates net energy entering room)
CSo
--- 
-w! -
TOTAL WALL HEAT FLUX:
CONVECTIVE HEAT TRANSFER TO SPACE
P = 1.225 kg/mA3
C = 1010 J/kg/K
T.P = 288.50 K
= 294.0 K
= 1.45 W/mA2K
Qcon, = hA, (s -
North Wall s
A
South Wall
22.08 C
19.1 mA2
s = 22.0 C
A = 19.1 mA2
East Wall s = 21.81 C
A= 25.3 mA2
West Wall s = 22.37 C
A = 25.3 mA2
Floor s = 20.74 C
A = 25.3 mA2
Total Convective
RADIANT HEAT TRANSFER TO FLOOR AND CUBICLES
S =
62 =
F NSF =
FEW ,F =
FC F =
Af =
A =
1I
1
0.27
0.25
0.29
5.67E-08
20.74 C
31.6 mA2
Tw = 22.07 C
TCub, = 21.3 C
FNSW,C = 0.10
FEW,F = 0.09
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
North Wall to Cubicles
22.08 C
19.1 mA2
22.02 C
19.1 mA2
s = 21.81 C
A= 25.3 mA2
22.37 C
25.3 mA2
s = 23.83 C
A = 31.6 mA2
s= 22.08 C T =
A= 19.1 mA2 h =
WALL TEMPERATURES
Q = 29.6 W
Q = 27.8 W
Q = 29.1 W
Q = 49.6 W
Q = 192.1 W
Q = 328.3 W
Qrad,12 = hAiF (T - T2)
hr = 4aei 2T 3
T = 21.412 C
h = 5.8 W/mA2K
T = 21.378 C
h = 5.8 W/mA2K
T = 21.273 C
h = 5.8 W/mA2K
T = 21.553 C
h = 5.8 W/mA2K
T = 22.286 C
h = 5.8 W/mA2K
21.71 C
5.8 W/mA2K
Q = 40.1 W
Q = 38.1 W
Q = 39.0 W
Q = 59.7 W
Q = 165.5 W
8.4 W
176.9
CSO
WALL TEMPERATURES
Fwwc = 0.11
E =
82 =
1
1
Tem = 21.3 C
FPC.C = 0.50
FPsc = 0.50
South Wall to Cubicles
East Wall to Cubicles
West Wall to Cubicles
PC Sims. to Cubicles
Person Sims. to Cubicles
22.02 C
19.1 mA2
s = 21.81 C
A = 25.3 mA2
s = 22.37 C
A = 25.3 mA2
s = 33.2 C
A = 0.58 mA2
s = 30.4 C
A = 0.91 mA2
= 21.67 C
h = 5.8 W/mA2K
T = 21.57 C
h = 5.8 W/mA2K
T = 21.85 C
h = 5.8 W/mA2K
Total Radiant
Total Wall/Ceiling Load
T = 27.26 C
h = 6.1 W/mA2P
T = 25.86 C
h = 6.1 W/mA2P
Q = 7.6 W
6.3 W
Q = 16.8 W
Q = 381.6 W
Q = 709.9 W
Q = 21.2 W
Q pc = 84.6 W
Q =
Q ps =
Total OE Radiant to Cubicle Wall Q =
25.0 W
100.0 W
184.6 W
Person Sims. to Floor s = 30.4 C
M = 5.76 mA2
T = 25.57 C
h = 6.0 W/mA2K
Q = 100.8 W
CSO
NOW W01
Date: Dec. 22, 1999
Start Time: 17:13
End Time: 21:13
Title: Open Office #1
Description: 4 desks representing open-plan offices.
One PC and one occupant simulator at
each desk. Identical to Cubeoff1 but w/o
partitions. Tracer Gas injected from PSNW
CONTROLLED LOADS
I.D. Description X Y Z Watts Surf. T dTair (C)
PCNW PC Simulator (NW) 0.61 0.97 0.97 92 32.6 7PSNW Person Simulator (NW) 1.32 0.97 0.56 75 30.3 n/a
PCNE PC Simulator (NE) 0.61 -0.36 0.97 92 33.7 9.5PSNE Person Simulator (NE) 1.32 -0.36 0.56 75 30.1 n/a
PCSE PC Simulator (SE) 
-0.61 -0.36 0.97 88 33.4 9.5
PSSE Person Simulator (SE) -1.32 -0.36 0.56 75 30.7 n/a
PCSW PC Simulator (SW) 
-0.61 0.97 0.97 88 33.0 10
PCSW Person Simulator (SW) -1.32 0.97 0.56 75 30.5 n/a
______________________I_____ 
.
_____ ____J
emperature 2 652.8 (MA/hr n/a (m^3/hr)
Wind Speed 2 m/s Air Exchange e 3.17 a----- Total 1392
LF:. LUIng FuU[seCfl s xT~~5* 73 n/
NP1 Seq#: 10 NP2 Seq#: 9 NP3 Seq#: 8 NP4 - Seq#: 7 NP5 Seq#- 6Time(S/F): 20:45 211 Time(S/F): 20:21' 20:44 Time(S/F): 19:55 2:0Time(S/F): 19:33 1 4Time(S/F): 19:10 19:30Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Cont Zht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratioExhaust 23.63 n/a 0.886 23.61 n/a 1.000 23.63 n/a 0.962 23.44 n/a 0.826 23.70 n/a 0.851 Exhaust0.56 22.29 <0.08 1.310 22.41 <0.08 1.250 22.42 <0.08 1.510 22.36 <0.08 0.770 22.30 <0.08 0.536 0.560.46 22.11 <0.08 1.440 22.09 <0.08 1.660 22.15 <0.08 1.620 22.06 <0.08 1.430 21.93 <0.08 0.571 0.460.36 21.86 <0.08 2.220 21.79 <0.08 2.760 21.86 <0.08 2.760 21.80 <0.08 1.640 21.73 <0.08 0.746 0.360.26 21.34 <0.08 2.380 21.29 <0.08 2.580 21.26 <0.08 4.910 21.28 <0.08 1,340 21.24 <0.08 0.454 0.260.18 19.92 <0.08 0.170 20.22 <0.08 0.180 20.19 <0.08 0.501 20.26 <0.08 0.166 20.34 <0.08 0.342 0.180.11 19.18 <0.08 0.138 19.51 <0.08 0.123 19.37 <0.08 0.115 19.64 <0.08 0.134 19.41 <0.08 0.119 0.110.06 18.78 0.085 0.110 19.09 0.800 0.108 18.91 <0.08 0.114 18.98 <0.08 0.111 18.16 0.080 0.128 0.060.03 18.50 0.110 n/a 18.40 0.800 n/a 18.12 0.080 n/a 17.81 0.100 n/a 17.86 0.150 n/a 0.030 21.01 n/a n/a 20.97 n/a n/a 20.82 n/a n/a 20.46 n/a n/a 20.58 n/a n/a 0Supply .2- na7 . . n5-.1 n/a 0.079 154 n/a 7 14 .075 . naIi75 . 77. Supply
SP1 Seq#: 5 SP2 Seq#: 4 SP3 Seq#: 3 SP4 Seq#: 2 SP5 Seq#: 1Time(S/F): Time(S/F): : : Time(S/F): :4: Time(S/F): : Time(S/F): : -
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Zht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratioExhaust 23.70 n/a 0.961 23.52 n/a 0.763 23.67 n/a 0.714 23.59 n/a 0.648 23.62 n/a 0.786 Exhaust0.56 22.17 <0.08 0.404 22.28 <0.08 0.528 23.11 <0.08 0.757 22.52 <0.08 0.714 22.26 <0.08 0.821 0.560.46 21.91 <0.08 0.560 22.06 <0.08 0.404 22.30 <0.08 1.120 22.36 <0.08 0.993 22.11 <0.08 1.060 0.460.36 21.82 <0.08 0.438 21.84 <0.08 0.407 22.06 <0.08 0.519 22.05 <0.08 1.280 21.93 <0.08 1.890 0.360.26 21.19 <0.08 0.421 21.29 <0.08 0.204 21.43 <0.08 0,483 21.51 <0.08 1.140 21.44 <0,08 0.122 0.260.18 20.30 <0.08 0.115 20.30 <0.08 0.095 20.41 <0.08 0.070 20.16 0.080 0.163 19.97 <0.08 0.069 0.180.11 19.44 <0.08 0.078 19.44 <0.08 0.085 19.27 <0.08 0.071 19.45 <0.08 0.074 19.49 0.080 0.064 0.110.06 18.42 0.090 0.089 18.64 <0.08 0.074 18.53 <0.08 0.065 18.63 <0.08 0.071 18.85 0.095 0.061 0.060.03 18.21 0.095 n/a 17.61 0.100 n/a 17.75 0.110 n/a 17.93 0.095 n/a 18.57 0.120 n/a 0.030 20.49 n/a n/a 20.20 n/a n/a 20.44 n/a n/a 21.13 n/a n/a 21.14 n/a n/a 0Supply -T5V i n/a .U7a . nai .- i4 15..5 n/a .i75 15.43 n a .UM Supply
MAIN DATA OPO
on la out /a
OPOWALL TEMPERATURES
Date: Dec. 22, 1999
Start Time: 17:13
End Time: 21:13
Title: Open Office #1
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.7 24.2 24.1 23.5 23.0
2 23.3 23.4 23.3 22.6 22.3
3 22.5 22.5 22.2 21.8 21.2
4 21.1 21.5 21.7 21.1 20.2
5 - . .. . . .
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 23.2 22.9 23.1 23.0 22.8 22.8
2 22.9 22.8 22.8 22.9 22.7 22.6
3 22.3 22.4 22.5 22.5 22.4 22.3
4 21.1 21.4 21.5 21.5 21.4 20.7
51 19.9 ENI 20.5 1 20.6 1 20.6 19.7
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22.6 23.3 23.7 23.8 23.5
2 22.5 22.7 23.3 23.4 23.1
3 21.8 22.1 22.5 22.5 22.6
4 20.6 21.2 21.8 21.7 21.5
5 1.. 20 .5- 6 .0= 9 .0Z89
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 235 23.5 241 237 236 234
2 23.1 23.2 234 233 231 230
3 22.7 228 228 228 227 225
4 21.6 22.0 22.2 22.1 21.9 21.3
5 21. 1 213 214 -211 210 o 209
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 24.0 24.4 24.4 23.9 23.0
2 23.2 23.3 23.2 22.8 22.3
3 22.5 22.5 22.5 22.3 21.2
4 21.7 21.9 21.9 21.7 202
5 214 20/ 2O8 2O6 194
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 22.9 22.9 22.8 22.8 22.8 22.7
2 22.9 22.8 22.9 22.7 22.6 22.6
3 22.5 22.3 22.2 22.2 22.1 22.2
4 21.9 21.2 21.5 21.6 21.5 21.1
5 20.3 -20.4 1 . 21.1 20.9 20.6
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22,6 23.8 24.3 24.5 245
2 225 22.9 23.4 23.6 235
3 21.8 22.1 22.6 22.6 223
4 20.6 21.6 21.8 21.8 21.8
5 9J. 20.2
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.5 23 5 24 1 23.7 23.6 23.4
2 24.2 24.0 23 7 23.6 23.6 23.8
3 23.7 23.4 23.3 22.9 22.8 23.5
4 23.3 22.8 22.8 22.6 22.5 23.0
5 228 22Y2 22-3 21.91 21.9 227
Date: Dec. 22,1999
Start Time: 17:13
End Time: 21:13
Title: Open Office #1
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 2
21.3 21.2
3 20. 21 3:
4 20.2 20.7
519.920.6
pj1 .7
<-- Denotes tempera
<-- Denotes tempera
IMEASURED FLOOR TEMPERATURES (TC)
ure taKen in a shadow
ture taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
1 2
1 24.1 23.9
2 24.2 24.0
3 23.8 23.7
4 23.4 23.5
SOUTH CEILING TEMPS
1 2
1 23.9 23.9
2 24.2 24.1
3 23.9 23.9
4 23.6 23.41
Floor Temperatures
FLOOR/CEILING TEMPERATURES
022.0-22.5
021.5-22.0
121.0-21.5
M 20.5-21.0
M20.0-20.5
" 19.5-20.0
" 19.0-19.5
OPO
.1"~14,600A
5 6
21.1 21.1
2A 20 .7
20.4 20.1
190
AIR VOLUME MEASUREMENTS
Date: Dec. 22, 1999
Start Time: 17:13
End Time: 21:13
Title: Open Office #1
Anemometer #: 1
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.130 0.130 0.100 0.100 0.090
2 0.090 0.140 0.100 0.140 0.200
3 0.085 0.150 0.090 0.085 0.130
4 0.110 0.130 0.090 0.090 0.085
5 0.190 0.090 0.220 0.090 0.085
6 0.110 0.140 0.085 0.120 0.120
7 0.170 0.130 0.060 0.080 0.230
8 0.130 0.130 0.110 0.060 0.180
9 0.130 0.090 0.090 0.100 0.0901
10 ~ 0.090 0.090 0.100 0.085 0.090
PRESSURIZATION (via smoke test)
Height (ft) POS. EUTRA NEG.
9 X
8 X
7 X
6 X
5 X
4 X
3 X
2 X
1 X
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.120 0.110 0.120 0.090 0.090
2 0.170 0.120 0.100 0.120 0.085
3 0.080 0.090 0.110 0.090 0.180
4 0.100 0.110 0.140 0.140 0.110
5 0.090 0.085 0.090 0.085 0.120
6 0.130 0.090 0.100 0.100 0.180
7 0.100 0.085 0.090 0.140 0.080
8 0.110 0.130 0.160 0.130 0.100
9 0.085 0.120 0.090 0.080 0.080
1 0 0.130 0.080 0.085 0.085 0.070
MEASURED DIFFUSER AIR VOLUME
cfm mA3/hr
North Diffuser: 198.1 337.4
South Diffuser: 185.2 315.4
Total Room: 383.2 652.8
Room ACH: 3.17 ACH
/ftA2 /mA2
Volume/Unit Area: 1.13 20.66
OPO
0.7
0.6 -- - - --
0.5 - ~ ~ ~~ -
0 .4 -- -- - -
0 .3 - - -- - - -
0.2 -- -
0.1 -
1UP
15 17 1* (C 21 23 25
EXH
0 .7 - - - - - -- - - - - -
0.6 --- i-- - -
0.5 --- -- -
0 .3 - - - -- - -
0.2 ------ - - - - - -
1
0.12- - - -- I - - - -
01
UP 1 1
00 -M
15 17 1 (C1 23 25
z Pp~Ie lP0.8 [1,111T -- - -
I EXHIO
0.7 - - -
0.6 - - -
0.5 --
0.1 - -
0.1 _ _ _
s P I
0
15 17 19r (C 1 23 2I I I
0.7
0.6
0.5 -
0.4 -
0.3 -
0.2 -
0.1 -
0
5
z
0.8
EXH 0
0.7
0.6
0.5 
-
0.4 - - - -4
0.3 
-
0.2
0.1
UP I
1 u 7
15 17 19 Cl23 25
2. DM~l QD'2
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
15 17 19 (CF1 23 25
iEXHiD
1 - - - -
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EQabovefloor
IIIu
a
U
U
1 Distance~rom Supply Dkfuser (m)
dThf(avi seated 2.131 sig =
dThf(av standinc 3.251 sig =
avg..
avg..
near
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0.4676
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Plume Air Flow Model1200
20 ---- Max. Case
-U--Min. Case
1000 ---- Mundt -- -
-Sys. Supply
--- - Walls
& 00 -- - - - - - - - -- - - - - - - -- -- - - - - - --- ---- - - - - ---------- -- -- - - - -----
U-600 - - - - --- - - -- - - - - -- - - - - - - - ---- ----- - - - -- - - -- ----------- --
E
6400 
- - - - - - - - - - -
200 ---- - 40 -No --N -am -No - - 000 -M - N-
0
0 0.5 1 Room 4-.5ht(m 2 2.5 3
h (m) Z h (m) Z
Zmax = 1.26 0.19 1.14 0.17
Zmin = 1.10 0.17 1.00 0.15
Zmundt = 1.20 0.18 1.08 0.17
Volumetic Flow Rate of Wall Convection ->Skaret
0.0 114(gA Tf / T)' 14 'B
Plume Flow Rates ->Skistad M undt (1992)
=k( g CpT )P Z, -= 0.00238Q, s~ '0.004+.039y1 +0.380y -0.062y ,
Y1 =2.86(y +yo )Q, 14s3/
PLUME FLOW OPO
" - i - 6' .1 1 -- l- --- - - -- - -
polio %keg 10.0 10
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 4 5
1 03 02 0.3 04 0.0
2 -0.1 -01 -0.1 02 0.0
3 0.0 00 0.3 05 0.0
4 06 04 0.2 06 0.0
5 06 -01 0.6 05 0,0
MEASURED EAST WALL dT
1 2 3 4 5 6
1 -0.3 0.0 -0.3 -0.2 0.0 -0.1
2 0.0 0.0 0.1 -0.2 -0.1 0.0
3 0.2 -0.1 -0.3 -0.3 -0.3 -0.1
4 0.8 -0.2 0.0 0.1 0.1 0.4
5 0.4 1.0 0.5 0.5 0.3 0.9
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 1.1 0.8 1.2 1.5 0.0
2 -05 -05 -0.5 1.0 0.0
3 0.0 0.0 1.4 2.4 0. 0
4 2.6 1.8 0.9 2.7 0.0
5 2.5 -04 2.7 2.2 0.01
EAST WALL HEAT FLUX (Wats)
1 2 3 4 5 6
1 -1.2 0.0 -1.2 -0.8 0.0 -0.4
2 0.0 0.0 0.5 -1.0 -0.5 0.0
3 1.0 -0.5 -1.6 -1.6 -1.6 -0.5
4 3.9 -1.0 0.0 0.5 0.5 2.0
5 1.9 4.8 2.4 2.4 1.4 4.31
IMEASURED SOUTH WALL dTI 1 2: 5
1.0
MEASURED WEST WALL dT
1 2 3 4 5 6
1 00 00 00 00 0.0 0.0
2 1.1 08 03 0.3 0.5 0.8
3 1.0 0.6 0.5 0.1 0.1 1.0
4 1.7 0.8 0.6 0.5 0.6 1.7
5 1.7 0.9 0.9 0.8 0.9 1.8
SOUTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 0.0 1.9 2.3 2.7 3.6
2 0.0 1.0 0.5 1.0 1.8
3 0.0 0.0 0.5 0.5 -1.4
4 0.0 1.8 0.0 0.5 1.3
5 0.0 1.3 1.8 1.3 1.7
WEST WALL HEAT FLUX (Watts) 4 ___
1__ 71 2 7 3 4 5 6
1 0.0 0 .0 0.0 0.0 0.0 0,0
2 5.8 4.2 1.6 1.6 2.6 42
3 6.2 1.8 1.5 0.3 0.3 6.2
4 9.8 2.2 1.6 1.4 1.6 9.8
5 9.6 2.4 2.4 2.1 2.4 10.2
NORTH WALL HEAT FLUX:
SOUTH WALL HEAT FLUX:
EAST WALL HEAT FLUX:
+ WEST WALL HEAT FLUX:
22.9
24.0
13.6
91.7
W
W
W
W
<------ Indicates that no outer surface temperature could be
measured at that point
152.1 W (+ value indicates net energy entering room)
OPO
POO
TOTAL WALL HEAT FLUX:
CONVECTIVE HEAT TRANSFER TO SPACE
P = 1.225 kg/mA3
c, = 1010 J/kg/K
T.= 288.40 K
T = 293.8 K
h = 1.45 W/mA2K
1.38
North Wall s
A
South Wall T,
22.0 C
19.1 mA2
22.1 C
19.1 mA2
East Wall s = 21.9 C
A = 25.3 mA2
West Wall s = 22.5 C
A = 25.3 mA2
Floor s = 20.7 C
A = 25.3 mA2
RADIANT HEAT TRANSFER TO FLOOR
Q = 32.8 W
Q = 35.2 W
Q = 39.2 W
Q = 61.1 W
Q = 195.0 W
Qrad,12 = hAf 2 (T-T 2 )
Total Conv.
hr =4cEj&s2T 3
Q = 363.3 W
=
e 2 =
1
1I
F NS.F 0.27
FEW.F = 0.25
FC F = 0.29
0T =
Tjlor =
A flor =
5.67E-08
20.71 C
31.6 mA2
Tw = 22.14 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Loads to Floor
22.0 C
19.1 mA2
s= 22.1 C
A= 19.1 mA2
s = 21.9 C
A = 25.3 mA2
Ts = 22.5 C
A = 25.3 mA2
s = 23.8 C
A = 31.6 mA2
s = 30.4 C
A = 5.76 mA2
T = 21.367 C
h = 5.8 W/mA2K
T = 21.411 C
h = 5.8 W/mA2K
T = 21.31 C
h = 5.8 W/mA2K
T = 21.608 C
h = 5.8 W/mA2K
T = 22.279 C
h = 5.8 W/mA2K
T = 25.557 C
h = 6.0 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Q = 39.0 W
Q = 41.6 W
Q = 43.7 W
Q = 65.7 W
Q = 167.6 W
Q = 101.1 W
Q= 357.6 W
Q = 720.9 W
WALL-AIR TEMPERATURES
190.0 W
OPO
Qcnv= ~s(s - T.

Date: Dec. 28,1999
Start Time: 15:05
End Time: 20:10
Title: PC Cluster #1
Description: 6 PCs with seated human operators.
PC s are not hooded.
Tracer Gas injected from PSW3
CONTROLLED LOADS
l.D. Description X Y Z Watts Surf. T dTair (C)
PSE1 Person Simulator -0.86 -0.71 0.56 76 30.4 n/a
PSE2 Person Simulator 0.00 -0.71 0.56 74 30.6 n/a
PSE3 Person Simulator 0.86 -0.71 0.56 74 28.1 n/a
PCE1 PC Simulator -0.86 -0.03 0.97 92 32.6 13.6
PCE2 PC Simulator 0.00 -0.03 0.97 89 33.9 15.0
PCE3 PC Simulator 0.86 -0.03 0.97 90 32.8 13.9
PSW1 Person Simulator -0.86 1.32 0.56 77 31.0 n/a
PSW2 Person Simulator 0.00 1.32 0.56 73 31.6 n/a
PSW3 Person Simulator 0.86 1.32 0.56 74 29.1 n/a
PCW1 PC Simulator -0.86 0.64 0.97 92 32.8 14.1
OL. EXHAUSTVOL. PCW2 PC Simulator 0.00 0.64 0.97 89 33.4 14.2
Temperature 2 C 650.5 (3/hr) n/a (m^3/hr) PCW3 PC Simulator 0.86 0.64 0.97 92 33.5 14.6
Wind Speed ~1 m/s Air Exchange Rate 3.15 act LF Long Fluorsecent Fixtures 'on layout) 732 n/a n/a
TEIme Seq#: i 1 1':'WI Seq#:ImE(F Seq#: I 61EPe(Seq#./) 7105- Seq#:
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.66 n/a 0.665 23.62 n/a 0.796 23.86 n/a 0.861 23.48 n/a 0.788 23.67 n/a 0.815 Exhaust
0.56 22.67 <0.08 0.597 22.47 <0.08 0.620 22.60 <0.08 0.862 22.47 <0.08 0.488 22.57 0.090 0.491 0.56
0.46 22.51 <0.08 0.737 22.41 <0.08 0.589 22.45 <0.08 0.991 22.35 <0.08 0.848 22.56 <0.08 0.463 0.46
0.36 22.30 <0.08 0.703 22.26 <0.08 1.240 22.24 <0.08 0.823 22.29 <0.08 0.731 22.40 <0.08 0.665 0.36
0.26 21.65 <0.08 0.230 21.68 <0.08 3.940 21.75 <0.081 0.409 21.72 <0.08 0.401 21.72 <0.08 0.114 0.26
0.18 20.38 <0.08 0.136 20.28 <0.08 0.129 20.54 <0.08 0.172 20.34 <0.08 0.220 20.49 <0.08 0.124 0.18
0.11 19.21 <0.08 0.104 18.80 <0.08 0.136 18.53 0.090 0.116 19.39 <0.08 0.126 19.36 <0.08 0.112 0.11
0.06 18.52 <0.08 0.104 17.94 0.080 0.168 17.83 0.100 0.113 17.90 0.090 0.116 18.83 <0.08 0.152 0.06
0.03 17.54 0.140 n/a 17.30 0 180 n/a 17.87 0.140 n/a 17.53 0.160 n/a 17.67 0.090 n/a 0.03
0 19.48 n/a n/a 19.48 n/a n/a 20.69 n/a n/a 20.12 n/a n/a 19.62 n/a 0.083 0
Supply 15.28 n/a 0.08 15.58 n/a 0.79 15."9 n/a 0.090 15. n/a . 15.57 n/a 0. Supply
WP1 Seq#: 9 WP2 Seq#: 10 WP3 Seq#: 2 WP4 Seq#: 1 WP5 Seq#:
Timne(S/F): :- M 1:2 Time(S/F): 1:2 : ime(S/F): :T3:5Time(S/F): _7:4 1:57Time(S/F): :63 TM
Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.75 n/a 0.738 23.76 n/a 0. 699 23.45 n/a 0.698 23.50 n/a 0.578 23.64 n/a 0.711 Exhaust
0.56 22.63 <0.08 0.398 22.60 <0.08 0.736 22.53 <0.08 1.220 22.42 <0.08 0.683 22.59 <0.08 1.420 0.56
0.46 22.60 <0.08 0.389 22.55 <0.08 0.705 22.44 <0.08 1.190 22.40 <0.08 0.811 22.50 <0.08 1.410 0.46
0.36 22.45 <0.08 0.449 22.47 <0.08 0.758 22.35 <0.08 1.130 22.37 <0.08 1.050 22.34 <0.08 1.040 0.36
0.26 21.82 <0.08 0.644 21.84 <0.08 1.590 21.77 <0.08 3.850 21.78 <0.08 0.630 21.62 <0.08 6.860 0.26
0.18 20.24 <0.08 0.143 20.49 <0.08 0.232 20.43 <0.08 0.194 20.51 <0.08 0.121 20.41 <0.08 0.134 0.18
0.11 19.38 <0.08 0.125 19.31 <0.08 0.131 19.38 <0.08 0.187 19.10 <0.08 0.084 19.24 <0.08 0.143 0.11
0.06 19.07 <0.08 0.115 19.09 0.090 0.100 19.13 <0.08 0.212 18.78 <0.08 0.086 18.86 <0.08 0.154 0.06
0.03 18.25 0.085 n/a 18.84 0.090 n/a 18.95 <0.08 n/a 18.35 0.100 n/a 18.59 0.080 n/a 0.03
0 20.38 n/a n/a 20.68 0.080 n/a 20.93 n/a n/a 20.35 n/a n/a 20.51 n/a n/a 0
Supply 1 -55 r/a -- 15.4 n/a 0.076 15.63 na 0.075 15.44 n/a .060 15.39 -n/a 0.081 Supplymmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmmm
MAIN DATA ccl
Time(S/F): 1 b:!b 1 /:11 /ime(S/F): 11/:16 1 (:4b Timne(S/F): 1:4 1Ab:1bl Time(S/F): 18:11 18:34' Time(S/F): 1 :3M 19:UU
CC1WALL TEMPERATURES
Date: Dec. 28, 1999
Start Time: 15:05
End Time: 20:10
Title: PC Cluster #1
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
24.2 24.4 24.5 24.1 23.5
2 23.8 24.2 24.0 23.7 23.11
3 22.9 22.9 22.8 22.5 21.1
4 21.0 21.5 21.7 21.3 20.1
5 205 20.5 799W 79
MEASU RED EAST WALL TEMPERATURES
2_ 3_ 4_ _ 5 6
1 23.3 23.1 23.3 232
2 23.1 23.1 23.3 23.1 22.8 22.8
3
4 21.1 21.4 21.6i 21.7 21.3
5 19.2 plff 2U.6 20Z.9j 20.3
22. ( 22.6
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.1 24.0 24.4 24.2 23.5
2 22.8 23.5 23.8 24.0 23.3
3 21.9 22.6 22.8 22.8 22.6
4 19.7 21.2 22.0 21.4 21.2
51 . . 20.8
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.5 23.4 23.7 23.7 23.6 24.0
2 23.2 23.2 23.5 23.5 23.5 23.5
3 22.8 23.1 23.1 23.1 23.1 22.7
4 21.6 22.0 22.1 22.0 21.6 21.4
5 21.2 2T.5 21.4 21.71 21.3 209
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
23.6 23.6 23.7 23.4 235
2 2.8 23.0 23 2 22.7 23.1.
3 221 220 220 21.8 21.11
4 21.21 21.4 21.5 21.2 2011
5 2U6 204 Z0U4 202 1W9
MEASURED EAST WALL TEMPERATURES
1 2 3 4 _ 6 6
1 22.5 22.2 22.0 21 .9 21.9 22.2
2 5 22.4 22.1 22.1 22.2 22.3
3 22.0 2 7 21.3 21.3 21.2 21. 6
4 21.7V2 205 20.5 20.5 20.5
5 19.7 -19.8 1T9 20 , 2 1 19.9
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.1 23.5 24.0 24.3 24 0
2 22.8 22.8 23.2 23.3 23 4
3 21.9 21.7 22.1 22.2 22.5
41 19.7 21.2 21.6 21.6 21 6
51 19.41 2U.61 2170l Z217I 2U.9
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.5~ 23.4 23.7 237 23.6 24.
2 23.2 23.1 23.0 22.9 22.8 23.0
3 23.0 22.9 22.8 22.6 22.5 22.8
4 22.7 22.4 22.4 22.2 22.1 22.4
51 22.4 21.8 21.9 21.6 21.b 22.2
22/.0 2422.3 22.4
Date: Dec. 28,1999
Start Time: 15:05
End Time: 20:10
Title: PC Cluster #1
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 20.6 20.9 21.2 21.3 21.1 20.7
2 20.5 20.8 22.2 22.2 21.0 20.5
3 19.9 20.5 M M20.6 20.2
4 19.2 20.2 21.0 21.2 20.1 19.45 19.7 20.3 20.8 20.3 18.5
<- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
1 2 2
1 24.2 24.3
2 24.0 24.4
3 23.7 24.2
4 23.5 23.8
SOUTH CEILING TEMPS
1 2
1 24.3 24.2
-2442 24.5 24.4
3 24.3 24.0
4 23.7 23.7
MEASURED FLOOR TEMPERATURES (TC)
Floor Temperatures
Notes:
Hallway was pressurized relative to 10-488. Two ped. doors tohallway were blocked with tape.. 10-488 then appeared slightly
negative at the front doors.
FLOOR/CEILING TEMPERATURES
022.0-22.5
021.5-22.0
0 21.0-21.5
*20.5-21.0
020.0-20.5
N 19.5-20.0
1119.0-19.5
ccl
-00
AIR VOLUME MEASUREMENTS
Date: Dec. 28, 1999
Start Time: 15:05
End Time: 20:10
Title: PC Cluster #1
Anemometer #: 1
Supply Volume (via controls): 520 cfm
SOUTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.090 0.130 0.110 0.090 0.140
2 0.130 0.140 0.090 0.110 0.085
3 0.085 0.110 0.110 0.090 0.160
4 0.120 0.110 0.150 0.130 0.110
5 0.090 0.090 0.090 0.050 0.120
6 0.100 0.090 0.170 0.090 0.200
7 0.090 0.080 0.090 0.100 0.100
8 0.100 0.130 0.200 0.160 0.090
9 0.110 0.130 0.090 0.060 0.085
10 0.130 0.080 0.085 0.060 0.060
MEASURED DIFFUSER AIR VOLUME
slightly
cfm mA3/hr
North Diffuser: 195.5 333.0
South Diffuser: 186.4 317.5
Total Room: 381.9 650.5
Room ACH: 3.15 ACH
/ftA2 /mA2
Volume/Unit Area: 1.12 20.58
PCCluster1.xis
CC1
NORTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.160 0.140 0.120 0.090 0.090
2 0.100 0.130 0.085 0.170 0.180
3 0.190 0.090 0.085 0.060 0.100
4 0.140 0.130 0.060 0.100 0.060
5 0.160 0.090 0.120 0.090 0.085
6 0.085 0.150 0.120 0.150 0.120
7 0.170 0.130 0.100 0.120 0.180
8 0.090 0.090 0.120 0.100 0.120
9 0.120 0.130 0.100 0.100 0.080
10 0.085 0.130 0.090 0.085 0.085
PRESSURIZATION (via smoke tes)1
Height (ft) POS. EUTRAL NEG.
9 X
8 X
7 X
6 X
5 x
4 X
3 x
2 X
1~X
Z0.8
0.76 -~-.
0.5.
0.4
0.53 
-
-~
0.4 L
0.3 - - -
- .
0.0 Is2
15 17 1 Cl 23 25
EXH [
0.7.
0.54
0. - 4
0.3 
-
0.2
0. 1 - I
15 17 91( 23 25
z0.8 Pole EP27
4 4 EXH E3
0.7 --- -
0.4
0.51
0 4m
0.4
0.4
02 J- - 4
0.1 - - .~
15 17 1 9r (C?1 232
Pole P30. 8  Pole EP4
I I EXH 40H 4
0.7 
---'- 0.7 4
0. 0.4
0.63 
- - - 06 -- - - - -
_
0.1
00.37 
-- !.-.-.-- 
-- - - -
0.2 
---- 
- 0.2 - - - -_ _ - __-__-
0. 
- - - - 4 
.4-.. -40.4
SUP 
s .up :
0 4- 0 4 4. m
5 15 17 1rCf1 23 25 15 17 1 Cl 23 25
z0.8 Pole EP5
4. .4 E X H to
0.7 ~~-
0.44
0.6-------2-
0.1
0.4 - -- J -
0. 4 -
0.3
0.2
0.1 
- - -
0 
4U
15 17 1rCf1 23 25
AIR TEMPERATURES ccl
NINE
z0.6
0.5
0.4
0.3
0.2
0.1
0
z
0.6
0.5
0.4
0.3
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1
0.5 -
0.4 4-
Pole WP2
1 1-
1
Pole EP1
z
0.5
0.4
0.3
0.2
0.1
0
AIR TEMPERATURES
z
0.6
0.5
0.4-
0.3
0.2 -
0.1
0
0 0.2 0.4 E 0.6 0.8 1
Pole WP1I
4 4
4 4
- -
- - -
- -
4 .4 4
0 0.2 0.4 0.6 0.8 1
z
0.6
0.3-
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1
Pole WP3
Pole EP2 z Pole EP3
ccl
Pole EP4
0 0.2 0.4 E 0.6 0.8 1
z
0.6
05]
04
0.3
0.2 -
0.1
0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Pole WP4 z6
0.5
0.4
0.3
0.2-
0.1
0
Pole EP5
Pole WP5
- - - - - - -4-
- -
4 - - - 4
I 4
-
- -
4
- - - - -
- -
4 -
4
- 4 - -
0 0.2 0.4 E 0.6 0.8 1 0 0.2 0.4 0.6 0.8
.
.4
.4
I.
- - - -I - -
I 4 4
-4- -~ .- -. 4-. - -
4 1 4
i 4 4 . 4
4 4
I 4 4
-4--- -I - -
4 . .4 4
4. 4
4.
4 4
4 4
4 4
4 4
4 .4 4
4 4
-
4 4
4 4 I
4 4 4
4 4*
-
4 4
4 4 4
4 I
4 4 4
-4-
4 4
4 4
4 I 4
4 4 I
-
4 I
I 4 I
4 4 I
4 4
4 4 . I
4 I
4 4 4
4 4
4 I
7-
4 4 I
t
4 I
-4-
-4--- -4 - - A ---
A - - -
4 4
4 4
z0.6
0.5
0.4
0.3
0.2
0.1
0
- -4..... -
-4 .... -
0.5
0.4
0.3
0.2
0.1
0
z0.6
0.5
0.4 -
0.3 -
0.2
0.1
0
- -
- - . -4 - ----
V------ -4 ----.
0 0.2 0.4 E)0.6 0.8 1
z
0.6
0.5 -+.
0.4
Pole EP1
0.3
0.2
0 0.05 v NIs) 0.15 0.
Pole WP1
-
0.05 v NFs) 0.15 0.200.00
z0.6
0.5
0.4-
0.3
0.2
0.1
0 4
0.00
z0.6 -
0.5
0.4
0.3
0.2
0.1
0
z
0.6
0.5
0.4
0.3
0.2
0.1
0 I
0.00
Pole EP2
0.05 V ras) 0.15 0.20
Pole WP2
0.05 Vrws) 0.15 0.20
z0.6
0.5
0.4
0.3
0.2
p
I
I
I
1
I
I
I
I
I
0 F-
0.00
z
0.6 -
0.5
0.4
0.3
0.2
0.1
0
0.00
Pole EP3
0.05 V rEs) 0.15
Pole WP3
0.05 V ?rs)
z0.6
0.5
0.4
0.3
0.2
0.1
0
0.20
Pole EP4
0 0.05 v ( Is) 015 0.2
Pole WP4
0.3
0.2
0.1
z
0.6
0.5 -
0.4
0.15 0.20
0
0.00 0.05 V ?nrs) 0.15 0.20
z0.6
0.5
0.4
0.3
0.2
I
I
I
I
I
I
I
I
I
I
I
S
I
1
Pole EP5
A
0.00
z0.6
0.5
0.4
0.3
0.2
0.1
0 4-
0.00
0.05 v ?as) 0.15 0.20
Pole WP5
0.05 V ?nrs) 0.15 0.20
cclAIR VELOCITY
0.1 0.1
I.
I..
I.
I
U
I
I
I
S
0.1
0
S
I
I
S
U
I I
___ _ ____
2
WALL TEMPERATURES
1
2
3
4
126.0-27.0
025.0-26.0
024.0-25.0
C123.0-24.0
M22.0-23.0
*21.0-22.0
120.0-21.0
E 19.0-20.0
1 2 3 4 5
Inner Fzi't Wall TnmnAratiirAn
4
5
1 2 3 4 5
2
026.0-27.0
025.0-26.0
0 24.0-25.0
3 023.0-24.0
*122.0-23.0
E21.0-22.0
4 E20.0-21.0
1119.0-20.0
5
6 1 2 3
ccl
1
2
3
126.0-27.0
025.0-26.0
024.0-25.0
323.0-24.0
M22.0-23.0
* 21.0-22.0
1120.0-21.0
M 19.0-20.0
1
2
3
026.0-27.0
0 25.0-26.0
0 24.0-25.0
023.0-24.0
* 22.0-23.0
*21.0-22.0
1120.0-21.0
M 19.0-20.0
4
.0 "Row 1 -1 low
1 1 5
4 5 6
1 2 3 4 5
SWall-Air Tempoeratures
+ Wall
-0 A ir -- - - - - - -
dT=1 .62C
Wall Air
24.41 22.59
22.5
24.21
22.34
22.9
21.62
21.5 20.41
19.24
20.5 18.86
22.7 21.08
ir 27
22.47 26 -
22.41 25 _
24 -
22.26 
-
22
21.68 21 -
20.28 20 -
18.8 19 -
17.94 18
20.83
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
EAST WALL (EP2)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall A
23.1
23.1
22.4
21.4
19.2
21.8
NORTH WALL (WP5) 27.0
26.0
25.0
24.0
22.0
21.0
20.0
19.0
18.0
Wall-Air Temperatures
-+-Wall ----------
-- Air
--'---*- -
---------- -----[dT=0.97C
0.2 Z 0.4
Wall
0.56 24.2
0.46
0.43 24.0
0.36
0.3 22.8
0.26
0.18 21.4
0.11
0.06 20.8
Avg. 22.6
EAST WALL (EP4)
Wall A
22.9
22.8
22.5
21.3
20.3
22.0
Air
22.63
22.6
22.45
21.82
20.24
19.38
19.07
21.17
EAST
WALL
dT =
1.03CJ
0.6
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
ir 27
22.47 26
22.35 25
24
22.29
21.72 21
20.34 20
19.39 19
17.9 18
20.92I
27.0 J Wall-Air Temperatures
26.0 -+-Wal
-5-Air
25.0 --- -- ---
24.0 ----- - --
22 0 -- - -- - - - - - - -
21.0 ---------- --
20.0-dT=.
19.0 --- ---- -- dT -=1.43018.0 - I
0 0.2 Z 0.4
Wall-Air Temperatures
-- Wall
-Air
- - - - - - - - - - - - - - -
- - -- - --
---- ---- --dT = 1. 8
0 0.2 z 0.4
0.6
0.6
WEST WALL (WP2)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall A
23.4
23.2
23.1
22
21.5
22.6
ir 27
22.60 26
22.55 25
24
22.50
22
21.80 21
20.50 20
19.30 19
19.10 18
21.19 0
WEST WALL (WP4)
0.2 Z 0.4
WEST
WALL
dT=
L1.48C I
0.6
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
ir
22.42 27.0
22.4 26.0
25.0
22.37 24.0
21.78 32.0
20.51 21.0
.1 20.0
19.1 9.0
18.78 18.0
21.05
Wall A
23.6
23.5
23.1
21.6
21.3
22.6
Wall-Air Temperatures
--- Wall
-U- Air
- - -- -- -- -
* -.
dT=1.55C -:1.... .I
0 0.2 Z 0.4 0.6
WALL-AIR TEMPERATURES
_ Wall r Temperatures
_Air
-- -- -- - --- - -- - ----
-- ------
+ - - - m---
- -~ ~~ -- T=1.41C
ccl
0 0.2 Z 0.4 0.6
SOUTH WALL (WP1)
COMFORT-RELATED TEMPERATURES
Floor and Near Floor Temperatures
*
UU
U1 I
U
U
U
U
0.90 Normalized Temperatures
0.80
0.70 t
*Tfloor
* Tabovefloor
0.60
0
0.50
0.40{
0.30
0.20
2 3
Distance from Supply Diffuser (m) 4 5 0 0.5 1 1.5 2 2.5 3Distance from Supply Diffuser (m) 3.5 4 4.5
Temperature Gradient from Head to Foot dThf(avg) seated 2.32 sig = 0.56
dThf(avg) standing 3.65 sig = 0.56
avg.. T sup = 15.50 C
avg.. T exh = 23.64 C
near floor T = 18.09 C
avg. floor T = 20.53 C
* DThf (seat)
E DThf (stand)
1 2 3
Distance from Supply Diffuser (m)
24
23 1-
22
0
18
17
16
0
ccl
*Qfloor
* Qabovefloor
1
5.00
4.50
.3 3 U
U
U
U UBa
4.00
3.50
3 -
* U3.00
E50
2.00
1.50
1.00
0.50
0.00
0 4 5
-- Max. Case
-U--Min. Case
---- Mundt
-- Sys. Supply
- -K - Walls
400]-
200 -
01 F-.-
0 0.5 1 Room I-leght (m) 2
Zmax =
Zmin =
Zmundt =
h(m)
1.12
0.95
1.06
Volumetic Flow Rate of Wall Convection --> Skaret
= 0.01 14(gATf / T)0 4 z' 4B
Plume Flow Rates -- > Skistad
= k(g / CppT)P 3 z 3
Mundt (1992)
-= 0.00238Q| 4s-1 (0.004 +.039y, + 0.380y 2 - 0.062y, )
cclPLUME FLOW
1600 T
1400
1200
.000-
0
r800
E600
z
0.17
0.15
0.16
h(m)
1.23
1.06
1.17
z
0.19
0.16
0.18
2.5 3
OW go"
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 4 5
1 -0.6 -08 -08 -07 0.0
2 -10 -12 -08 -10 0.0
3 -09 -09 -08 -07 0.0
4 0.2 -01 -02 -01 0.0
a 5 0.3 -01 0.5 0.6 0.01
MEASURED EAST WALL dT -- . 1-
_ _ 
1 2 3 4 5 6
1 -0.8 -0.9 -1.3 -1.3 -1.0 -0.6
2 -0.6 -0.7 -1.2 -1.0 -0.6 -0.5
3 -0.3 -0.7 -1.4 -1.3 -1.3 -0.8
4 0.6 -0.8 -1.1 -1.2 -0.8 0.0
5 0.5 0.6 -0.7 -0.9 -0.1 0.21
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
-2.2 -3.1 -3.1 -2.7 0.0
2 -4.5 -5.8 -3.9 -4.8 0.0
3 -4.1 -4.3 -3.9 -3.4 0,0
4 0.9 -0.5 -0.9 -0.5 0-0
L 1.2 -0.4 2.2 2.7 0.01
EAST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 -3.3 -3.7 -5.4 -5.4 -4.1 -2.5
2 -3.1 -3.7 -6.3 -5.2 -3.1 -2.6
3 -1.6 -3.7 -7.3 -6.8 -6.8 -4.2
4 2.9 -3.9 -5.4 -5.9 -3.9 0.0
5 2.4 2.9 -3.3 -4.3 -0.5 10
WALL dT
1 .0 .5 -A 0.1 0.512 0.0 -0.7 -0.6 -0.7 0.1tilL.~9&ilQ -0 -07 ___
3 0. -0.9 -0.7 -0.6 -0.1
4- 00 0.0 -0.4 0.2 0.4
5 0,0 0.5 0.4 0.2 0.2
MEASU RED WEST WALL dT
1 2 3 4 5 6
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 -0.1 -0.5 -0.6 -0.7 -0.5
0.2 -0.2 -0.3 -0.5 -0.6 0.1
4 1.1 0.4 0.3 0.2 0.5 1.0
1.2 0.3 0.5 -0.1 0.2 1.3
SOUTH WALL HEAT FLUX (Watts)
1 2 -- 3 4 5,
1 0.0 -19 -1.5 0.4 1.8
2 0,0' -34 -2.9 -3.4 0.5
3 0.0 -4.3 -3.4 -2.9 -0.5
4 0.0: 0.0 -1.8 0.9 1.7
5 0.0 2 2 1.8 0.9 0.8
WEST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 -0.5 -2.6 -3.1 -3.7 -2.6
3 1.2 -0.6 -0.9 -1.5 -1.8 0.6
4 6.4 1.1 0.8 0.5 1.4 5.8
5 6.8 0.8 1.3 -0.31 0.5 7.3
NORTH WALL HEAT FLUX:
SOUTH WALL HEAT FLUX:
EAST WALL HEAT FLUX:
+ WEST WALL HEAT FLUX:
-41.0
-15.1
-96.8
17.1
W
W
W
W
LII<------ Indicates that no outer surface temperature could be
measured at that point
135.8 W (+ value indicates net energy entering room)
CC1
TOTAL WALL HEAT FLUX: -
I
CONVECTIVE HEAT TRANSFER TO SPACE
= 1.225 kg/mA3
- 1010 J/kg/K
= 288.50 K
= 294.0 K
= 1.45 W/mA2K
1.38
North Wall
South Wall
East Wall s =
A=
West Wall Ts =
A=
sln =h,(s - T.
s = 22.3 C
A= 19.1 mA2
s = 22.3 C
A = 19.1 mA2
22.0 C
25.3 mA2
22.6 C
25.3 mA2
Floor s = 20.5 C
A = 25.3 mA2
RADIANT HEAT TRANSFER TO FLOOR
0 =
Tf,,=
A fo =r
1
1I
5.67E-08
20.53 C
31.6 mA2
p
cp
Qrad,12 = h,.AF 2 (T -T2)
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Tw = 22.29 C
Ceiling to Floor
Person Simulators to Floor
22.3 C
19.1 mA2
22.3 C
19.1 mA2
s = 22.0 C
A = 25.3 mA2
s = 22.6 C
A = 25.3 mA2
Ts = 24.1 C
A= 31.6 mA2
s = 30.133 C
A = 8.64 mA2
T = 21.417 C
h = 5.8 W/mA2K
T = 21.395 C
h = 5.8 W/mA2K
T = 21.25 C
h = 5.8 W/mA2K
T = 21.578 C
h = 5.8 W/mA2K
T = 22.301 C
h = 5.8 W/mA2K
T = 25.33 C
h = 6.0 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Total Conv.
h,= 4o-e& 2T 3
Q = 53.2 W
Q = 51.9 W
Q = 52.9 W
Q = 77.2 W
Q = 190.0 W
Q = 150.0 W
Q = 425.2 W
Q = 771.1 W
WALL TEMPERATURES
Q = 345.9 W
235.1
ccl
Q = 35.1 W
Q = 33.8 W
Q = 34.2 W
Q = 58.3 W
Q = 184.6 W
SI =
2 =
FANSF = 0.27
FEIW 
.F = 0.25
F C ,F = 0.29

Date: Dec. 29, 1999
Start Time: 13:20
End Time: 17:30
Title: PC Cluster #2
Description: 6 PCs with seated hu man operators.
PC s are hooded and discharge at 6'-8" AFF.
Tracer Gas injected from PSW3.
t.Arl I ULLL:U LUAU
I.D. Description X Y Z Watts Surf. T dTair (C)PSE1 Person Simulator 
-0.86 -0.71 0.56 76 30.4 n/aPSE2 Person Simulator 0.00 -0.71 0.56 74 30.6 n/aPSE3 Person Simulator 0.86 -0.71 0.56 74 28.1 n/aPCE1 PC Simulator 
-0.86 -0.03 0.97 92 32.4 4.7PCE2 PC Simulator 0.00 -0.03 0.97 89 33.8 4.6PCE3 PC Simulator 0.86 -0.03 0.97 90 32.7 5.1PSWI Person Simulator 
-0.86 1.32 0.56 77 31.0 n/aPSW2 Person Simulator 0.00 1.32 0.56 73 31.6 n/aPSW3 Person Simulator 0.86 1.32 0.56 74 29.1 n/aPCW1 PC Simulator U.b4 0.97 92 32.b 5.IOUTDOR CONDITION SUPPLY VOL. IEXHAUST VOL. PCW2 PC Simulator 0.00 0.64 0.97 89 33.3 4.8Temperature 5 C 650.5 (m^3/hr) n/a (mA3/hr) PCW3 PC Simulator 0.86 0.64 0.97 92 33.4 6.2Wind Speed -1 m/s Air Exchange Rate 3.15 ach LF Long Fluorsecent Fixtures (on layout) 732 n/a n/a
EP1 Seq#: 7 EP2 Seq#: 61EP3 Seq#: 5 E134 Seq#: 4 EP5 Seq#: Time(S/F): 15:,51 16:12 Time(S/F): 15:29 15:30 Timne(S/F): 15:11 1:3Timne(S/F): 14:29 15:09 Time(S/F): 14:2 Y 14:47Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Zht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratioExhaust 23.86 n/a 0.744 24.05 n/a 0.544 24.06 n/a 0.719 24.25 n/a 0.605 24.42 n/a 0.692 Exhaust0.56 23.22 <0.08 0.675 23.09 <0.08 0.492 23.13 <0.08 0.618 23.40 <0.08 0.542 23.34 0.090 0.638 0.560.46 22.72 <0.08 0.490 22.51 <0.08 0.310 22.71 <0.08 0.633 22.91 <0.08 0.498 22.93 <0.08 0.669 0.460.36 22.09 <0.08 0.293 22.01 <0.08 0.386 22.04 <0.08 0.433 22.18 <0.08 0.558 22.17 <0.08 0.352 0.360.26 21.76 <0.08 0.160 21.69 <0.08 0.209 21.83 <0.08 0.298 21.90 <0.08 0.208 21.82 <0.08 0.281 0.260.18 20.73 <0.08 0.159 20.44 <0.08 0.138 20.97 <0.08 0.146 20.82 <0.08 0.161 20.64 <0.08 0.114 0.180.11 19.52 <0.08 0.088 19.55 <0.08 0.084 19.71 0.080 0.103 19.44 <0.08 0.110 19.70 <0.08 0.108 0.110.06 18.95 <0.08 0.091 18.02 0.080 0.084 18.60 0.100 0.092 18.61 0.080 0.117 18.98 <0.08 0.108 0.060.03 17.95 0.100 n/a 17.56 0.120 n/a 18.87 0.110 n/a 17.97 0.090 n/a 17.78 0.110 n/a 0.030 20.26 n/a n/a 20.24 n/a n/a 21.20 n/a n/a 20.71 n/a n/a 19.92 n/a n/a 0Supply 15.73 n/a 0.83 15.5Z n/a 0.064 15.5 n/a 0.081 15.62 n/a .089 16.56 n/a 0.096 Supply
WP1 Seq#: 2 WP2 Seq#: I WP3 Seq#: 10 WP4 Seq#: 9 W Seq#:Timne(S/F): : : Time(S/F): 1:5 : ime(S/F): 1:0 1:2 Time(S/F): : 6:5 Timne(S/F): 1:4TMTemp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Zht. ratio (C) (mIs) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratioExhaust 24.48 n/a 0.685 24.75 n/a 0.651 23.92 n/a 0.635 24.09 n/a 0.610 23.95 n/a 0.573 Exhaust0.56 23.59 <0.08 0.634 23.68 <0.08 0.742 23.09 <0.08 0.776 23.16 <0.08 0.709 23.21 <0.08 0.777 0.560.46 23.24 <0.08 0.909 23.33 <0.08 0.767 22.74 <0.08 1.680 22.62 <0.08 1.410 22.62 <0.08 0.367 0.460.36 22.46 <0.08 2.860 22.51 <0.08 1.840 22.09 <0.08 4.550 22.15 <0.08 2.430 22.13 <0.08 2.650 0.360.26 21.99 <0.08 1.220 22.20 <0.08 0.787 21.79 <0.08 3.490 21.82 <0.08 3.740 21.71 <0.08 0.195 0.260.18 20.92 <0.08 0.168 21.08 <0.08 0.246 20.43 <0.08 0.167 20.60 <0.08 0.110 20.80 <0.08 0.116 0.180.11 19.67 0.085 0.101 19.63 <0.08 0.070 19.58 0.080 0.082 19.79 <0.08 0.106 19.61 0.080 0.083 0.110.06 19.35 0.080 0.093 19.47 0.085 0.070 19.46 0.090 0.084 19.44 0.085 0.100 19.02 0.080 0.083 0.060.03 18.54 0.090 n/a 19.20 0.085 n/a 19.32 0.090 n/a 19.15 0.090 n/a 18.78 0.100 n/a 0.030 20.77 n/a n/a 21.36 0.080 n/a 21.71 n/a n/a 21.40 n/a n/a 20.85 n/a n/a 0Supply 5. n a 1 ID5 15.37 n/a 0.059 15.44 n/a 1 0.074 15.82 n/a . 8 15.81 n/a 67 Supply
MAIN DATA CC2
w 01w ..... ~ Apof-g
WALL TEMPERATURES
Date: Dec. 29, 1999
Start Time: 13:20
End Time: 17:30
Title: PC Cluster #2
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 24.8 24.8 24.9 24.6 24.0
2 24.2 24.2 24.0 23.7 23.1
3 23.2 23.1 22.9 22.8 21.51
4 21.8 22.2 22.4 21.2 20.9
MEASURED EAST WALL TEMPERATURES
1_ 2_ __ J4 5~ 6
1 23.6 23.5 23.5 23.3 23.1 23.2
2 23.3 23.2 23.3 23.3 23.1 23.0
3 22.5 22.71 22.8 22.9 22.5 22.4
4 21.2 21.6 21.91 21.7 21.2
5 19.7 2. 21.
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.4 24.1 24.6 24.7 24.6
2 23.1 23.5 24.1 24.1 23.8
3 22.1 22.4 22.8 22.6 22.8
4 20.5 21.3 22.2 21.9 21.7
5 19 27 20.5 22 27
MEASURED WEST WALL TEMPERATURES
1 2 3_ 4_ ~5 6
1 24.4 24.1 24.3 24.3 24.0 24.6
2 23.9 23.9 24.1 24.0 24.0 24.1
3 23.1 23.1 22.9 23.1 22.8 22.6
4 21.9 22.4 22.6 22.4 21.9 21.8
5 21.2 21.5 22.2 21.8 21.2 21.0
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
_ _ 1 2 3 4 5
1 23.8 24.0 24.0 23.5 24.0
2 23.3 23.4 23.3 22.8 23.1.
3 22.2 22.2 22.2 21.9 21.5
4 21.4 21.5 21.6 21.3 20.9
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
~ 22.5 22.0 21.9 21.8 21.9 22.2
2 22.6 22.1 21.9 22.0 22.0 22.2
3 22.1 21.5 21.4 21.3 21.4 21.7
4 21.4 20.9 20.8 20.8 20.7 20.6
5 20.2 220F 2-2 ,204 1203 20-2
MEASURED SOUTH WALL TEMPERATURES
1 2 3_ 4_ 5
1 23.4 23.6 24.2 24.4 24.2
2 23.1 23.1 23.6 23.6 23.6
3 22.1 22.0 22.4 22.5 22.6
4 20.5 21.3 21.6 21.7 21.7
5 -9-7 20.9 20.9 2TT LM
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 24.4 24.1 24.3 24.3 24.0 24.6
2 23.9 23.6 23.5 23.4 23.3 23.6
3 23.3 23.2 23.2 23.1 23.0 23. 3
4 23.0 22.8 22 8 22 7 22.7 22.9
5 ~ 226 224 22. 6 2T3 22 22 
CC2
Date: Dec. 29, 1999
Start Time: 13:20
End Time: 17:30
Title: PC Cluster #2
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 2 3 4 5 6
1 20.8 21.3 21.7 21.6 21.3 20.8.
21 20.6 21.1 22.6 22.1 21.2 20.8
3 =20.2 20.8m 20.8 20.6
4 19.5 20.5 21.5 21.3 20.4 19.65 195 204 21.0 20.6 18.9
<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
1 24.2 24.3
2 24.0 2.41
3 23.8 24.2
4 23.6 23.9
SOUTH CEILING TEMPS
- - - 1 - 2 __
1 24.4 24.3
2 24.5 24.2
3 243 24
41 23.278
Notes:
PCs still draw in air through holes around base.
A strong discharge velocity (-0.4 m/s) emanated from the "chimneys".
Most of free convective boundary layer surrounding the boxes were
captured by the hoods.
Hallway was pressurized relative to 10-488. Two ped. doors tohallway were blocked with tape.. 10-488 then appeared slightly
negative at the front doors.
FLOOR/CEILING TE
MEASURED FLOOR TEMPERATURES (TC)
01 21.36 21271 21.40
2 20.77;20.2
4 19.92 20.26
520.711 21.20 20.24W
Floor Temperatures
022.0-22.5
ME21.5-22.0
E321.0-21.5
M20.5-21.0
M 20.0-20.5
M 19.5-20.0
........ . .. . . .... M 19.0-19 .5
MPERATURES CC2
Pop W I - W
AIR VOLUME MEASUREMENTS
Date: Dec. 29, 1999
Start Time: 13:20
End Time: 17:30
Title: PC Cluster #2
Anemometer #:
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.160 0.140 0.120 0.090 0.090
2 0.100 0.130 0.085 0.170 0.180
3 0.190 0.090 0.085 0.060 0.100
4 0.140 0.130 0.060 0.100 0.060
5 0.160 0.090 0.120 0.090 0.085
6 0.085 0.150 0.120 0.150 0.120
7 0.170 0.130 0.100 0.120 0.180
8 0.090 0.090 0.120 0.100 0.120
9 0.120 0.130 0.100 0.100 0.080.
10 0085 0.130 0.090 0.085 0.085
PRESSURIZATION (via smoke test)
Height (ft) POS. NEUTRAL NEG. slightly
9 _X
8 _X
7 _X
6 _X
5 _ _ X
4 ____ X
3 _ _ X
2 _X
1 x
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.090 0.130 0.110 0.090 0.140
2 0.130 0.140 0.090 0.110 0.085
3 0.085 0.110 0.110 0.090 0.160
4 0.120 0.110 0.150 0.130 0.110
5 0.090 0.090 0.090 0.050 0.120
6 0.100 0.090 0.170 0.090 0.200
7 0.090 0.080 0.090 0.100 0.100
8 0.100 0.130 0.200 0.160 0.090
9 0.110 0.130 0.090 0.060 0.085
10 0.130 0.080 0.085 0.060 0.060
MEASURED DIFFUSER AIR VOLUME
cfm mA3/hr
North Diffuser: 195.5 333.0
South Diffuser: 186.4 317.5
Total Room: 381.9 650.5
Room ACH: 3.15 ACH
IftA2 /m^2
Volume/Unit Area: 1.12 20.58
CC2
1
0.7
0.76 - - - - - - - - - -
0.6 - - - - - -
0.3---------i------
0.2 - - - - - -
0.1 - - - - - - -
sp
0.0 -.
15 17 1 C 23 25
Do~lm IAID4
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
A ~Pole gP2
EXHI 1l
0.7
0.6
0.5 --
0.4 - --
0.3
0.2 -
0.1 - - - ---
0
15 17 1 r(C?1  23 25
Ple WP2
0.7 -
0.6 -
0.5
0.4-
0.3
0.2-
0.1 -
0
15 17 1 r(C 1 23 25
RPoe EP3
EXH C1
0.7
0.6
0.5 - -
0.4 --
0.3
0.2
0.1
UP
15 17 1 r(C?1  23 25
1z p I wp'0
0.7
0.6.
0.5
0.4
0.3
0.2
0.1
0
15 17 1 r(C 1 23 25
0.8 Pole EP4
EXHO
0 .7 - - -- - - - - - - - - - - - -
0 .6 --- - - - -- - -
0.5 ---- -- -
I. 4 -4 -- -
. 4
0.3
0.2 
0.4
0.3 -- -- -
15 17 1 r(Cf 1 23 25
I a 4
0.7
0.6
0.5
0.4
0.3
0.2-
0.1
0
15 17 19g. (C 1  23 25
AIR TEMPERATURES
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
a;
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
15 17 19 (C 1 23 25
EXH;D
-- -- - - --
4--
SUP
m 4
15 17 1 gr(Cf 1 23 25
CC2
EXH [3
-------
-S- - - - - -
EXH 0
- ---
- - - -
* EXH E
up
EXHOD
.1 . 4
SU 4
-.
4.
I' -A I 1 '04.1.9 14 w o ma
Pole FP5
EXH El
I1 w
- -F----
UP4
5 17 19r (C 1  23 25
PoI WP5
z
0.6
0.5
0.4
0.3
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1
--- 
Pole W 
P1I
-4 *
- 4 - 4 - 4 - -
- - - -4 - - - - - - - - -
0 0.2 0.4 0.6 0.8 1
Pole EP1
- - - -- -
- - - - - - - - - -
- - - -4- --- +-
- - - -4- -
0.6
0.5-
0.4
0.3
0.2
0.1
0
Pole EP2
0 0.2 0.4 E 0.6 0.8 1
Pole WP2
4 4
4 4
4 4
4 4
-
4 4
4 4 4
4 4
I 4
- 4. --- 4--
4 4
4 4 4
4 4
4 4
4 4
- - 4--- -4 -
4 4 4
4 4
4 4 4
4 4 4 4
4......
4 4
4 4
4 4
z
0.6
0.5
0.4
0.3 -
0.2 -
0.1 -
0
0.6
0.5-
0.4
0.3
0.2 -
0.1
0-
0 0.2 0.4 06 0.8 1
Pole WP3
0 0.2 0.4 E 0.6 0.8 1 0 0.2 0.4 E 0.6 0.8 1
4 4
4 4
4 4
4 4 4
4 4
4 4
- .4. -
4 4
4 4 4
4 4
4 4 4 4
4.. ..J ..§4.
4 4 4
4 4
4 4 4
z
0.6
0.5
0.4
0.3
0.2
0.1
0
0.6
0.5-
0.4
0.3
0.2
0.1
0
AIR TEMPERATURES
Pole EP3
4 -
---
0 0.2 0.4 E 0.6 0.8 1
Pole WP4
z0.6
0.5
0.4
0.6
0.5
0.4
0.3
0.2
0.1
0
CC2
Pole EP4
- - - .- I
I I
-4 1 + 4 - - -
0 0.2 0.4 0.6 0.8 1
Pole WP5
4 4 4 4
4 4 4 4
4.
- ~4 - -
4 4 4 4
- -- 4 - - - - - -
-.. 
.4---
4 .4
-4--
4 4
-A---
0 0.2 0.4 E 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
--
z0.6
0.5
0.4
0.3
0.2
0.1
0
0.3
0.2 -
0.1
0
0.6
0.5
0.4
0.3
0.2
0.1
0
4.
4. . 4
4 4
4.
.4
4 . .. 4
---- 4-
4.
4.
- - - .4 -
4.
4.
4 4* 4
4 .4 4
4 4
4 4.
4 4 4
- 1~.
4 4
4 4.
4 *
4 4
- 4. --- 4--
4 4
4 . 4 4.
4 4
4 4 4
4 4 4
4 4
Pole EP5
- -
I I
- - - - - ---- --
- -4- - -
- - . - -- ---
............ 
Z Pole EPI0.8
lUXH
0.7
0.6
0.5 -
0.4
0.3 - -
0.2 -- i-
0.1 -A
suP
0.00 0.60 1.20 1.80 2.40
c (ppm)
0.Z Pole WPI08
0EXH
0.7 - - - - - -
0.6 -- -- -
0.5- ---
0.4 ----
0.3 -- -- -
0.2 -
0.1 - - -- -
SUPI I .0 4M
0.00 0.60 1.20 1.80 2.40
c (ppm)
Z Pole EP2
0.7 --- - -T - - -- -
0.5
0.4 - - -
73
623 - 4 - - - - -- -
0.1 -
IU I
0.00 0.60 C1(2pm 1.80 2.40
8 Poe WP2
0.3 
- t-- 7
SEXH
I I
0.7 
-- - --
0 .6 -- - - - - - - - -
0 .5 - -- - - - -
0.1 --0 4
0.00 0.60 1.20 1.80 2.40
c (ppm)DEXH1
I I
06( 20m _1 ___24_
zPole EP30.8 X
0.7
0.6
0.5 -- --
0.4 
-
0.3 -
0.2
0 .1 - - -
0 I
0.00 0.60 1.20 1.80 2.40
c (ppm)
z Pole WP3
13 EXH
0.7
0.6
0.5 A
0.4
4.55>
0.3 
-
3,49>
0.2
- - - -
0 -
0.00 0.60 120 1.80 240
C (ppm)
z0.8 - Pole EP4
0 EXH.
0.7-
0.6
0.5
0.4 --
0.3
0.2
0.1
SUP10 -
0.00 0.60 120 1.80 2.40
c (ppm)
[TXH
--- 
-- -
--
3.74>
SUPI
.0
0.7
0.6
0.5 -
0.4-
0.3
0.2
0.1
0-
0.00 0.60 1.20 1.80
c (ppm)
z
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1
0
0.
z
0.8
0.7 -
0.6
0.5
0.4
0.3
0.2
0.1
2.40 0.00 0.60 1.20
c (ppm)
0
IQ EXHI
SUPI
0 0.60 1.20 1.80 2.4
c (ppm)
I I
E3 EXH
2.65>
-
-- - -
-SUP - - --
1.80 2.40
CONTAMINANT CONCENTRATION CC2
PoeEP5
MEN
0
CONTAMINANT CONCENTRATION
6.6
0.5
0.4 -
0.3
0.2
0.1
0
6.6
Pole EP1
- - -- - - --- -
-- - -- - - -
0.0 1.0 2 3.0 4.
Pole WP1I
0.5-
0.4
0.3
0.2
0.1
0
0.5
0.4
0.3
0.2
0.1
0
0
Pole EP2
0.0 1.0 2 3.0 4.(
Pole WP2
0.5 4
0.4
0.3-
0.2 1
0.1
0
0.5
0.4
0.5 -
0.4 -
0.3 -
0.2
0.1
0
).0 1.0 2 3.0 4.(
Pole WP3
0.5
0.4
0.3
1 *
-. 1 - - - -
- -- 4--- - - - --
).0 1.0 2CP 3.0 4
Pole WP4
0.5 -
0.4
0.3 4
0.2
0.1
0
.0
, Pole EP3
0.5
0.4
0.3
0.2
0.1
0
Pole EPS
- -..- - ------ - - r
- - -+ - - - - - - e
0.0 1.0 ?CO 3.0 4.0 0.0 1.0 2 3.0 4.0
CC2
0.2
0.1
0
6.6
6.6
0.5
0.4
0.3
0.2
0.1
0
6.6
-H ---
* I
I .
- - -- I- --- H --- -
I I
I.
-l - - - -
I- - - -
- - -
----
4 - - - - - -
---- 4-- -- ---
1 I
--- 4-- -- --
1 I .
0.0 1.0 2 3.0 4.(
Pole WP5
0.3
0.2
0.1
0
6.6
-
4
-
3
0.0 1.0 2g' 3.0 4.0 0.0 1.0 2CD 3.0 4.0 0.0 1.0 2C 3.0 4.0
Pole EP1
0 0.05 V I/s) 0.15 0.
Pole WPI
-
0.00
z0.6
0.5
0.4
0.3
0.2
0.1
0 4-
0.002
0.05 V Hs) 0.15 0.20
z0.6
0.5
0.4
0.3 -
0.1
0
z
0.6
0.5
0.4
0.3
0.2
0.1
Pole EP2
0.05 V ?rs) 0.15
Pole WP2
0.05 V'trks) 0.15
z0.6
0.5
0.4
0.3
0.2
I
I
I
I
I
I
I
I
I
I
I
I
I
I
0.20
0 V-
0.00
z
0.5
0.4
0.3
0.2
0.1
0
0.20
Pole E
0.05 V rds) 0. 15 0.20
Pole WP3
0 0.05 v l/s) 0.15 0.2
z0.6
0.5
0.4
Pole EP4
0.5
0.4
0.3
0.2
0
0.6
0.5
0.4
0.3
0.2
0.1
0
0 0.05 V HIs) 0.15 0.
Pole WP4
-
I
I
I
I
I |
0.00
~i 6
0.5
0.4
0.3
0.2
0.1
0-
0.002
0.05 V ?afs) 0.15 0.20
z0.6
0.5
0.4
0.3
0.2
0.1
0-
0.00
Pole EPS
0.05 V ?dIs) 0.15
Pole WP5
AIR VELOCITY
0.1
z
0.6
0.3
0.2
0.1
0.2
0.1
0 -
0.00
0
I
I
I
I
I
I
I
I
I
I
I
I
I
0.20
I
I
I
I
I
I
I
I
I
I
I
I
I
K
0.05 V ?ras) 0.15 0.20
CC2
- -
WALL TEMPERATURES
E26.0-27.0
025.0-26.0
024.0-25.0
0323.0-24.0
M22.0-23.0
E21.0-22.0
E20.0-21.0
019.0-20.0
1 23 5
12 3 4 5
I5
1 2 3 4 5
-1
-2
A
N26.0-27.0
025.0-26.0
0 24.0-25.0
0123.0-24.0
M22.0-23.0
M21.0-22.0
M20.0-21.0
M 19.0-20.0
5 2= M34OP2
6 12
2
3
4
026.0-27.0
025.0-26.0
024.0-25.0
1323.0-24.0
M22.0-23.0
N21.0-22.0
0 20.0-21.0
019.0-20.0
I5
3 4 5 6
1
2
CC2
1
-3
-4
-2
-3
-4
E 26.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
M22.0-23.0
U 21.0-22.0
020.0-21.0
019.0-20.0
1
12 3 4 5
NORTH WALL (WP5)
Wall Air
24.8 23.21
22.62
24.2|
22.13
23.1
21.7
22.2 20.8
19.6
20.9 19
23.0 21.29
27.0
26.0
25.0
24.0
V.0
21.0
20.0
19.0
18.0
Wall-Air Temperatures
+ Wall ----
-U-Air-
- - - - - - - - - - -
-- ----- ----*
--- ---- - --
--- -- [dT= 1. 71 Cj
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
0
SOUTH WALL (WP1)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
6 Avg.
Wall Air
24.7 23.59
23.24
24.1
22.46
22.6
21.99
21.9 20.92
19.67
21.2 19.35
22.9 21.60
Wall-Air Temperatures
27.0 Wall
26.0 -- --Wall
-U-Air
25.0 A r
24.0 ------------- ---- --
:6 .0 - - - - - - -
220 -- - - - - -- - -- - - - --1.0 ---............ dT.3
20.0
18.0 FdT=-1.30C
0 0.2 Z 0.4 0.6
EAST WALL (EP2)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
ir 27
23.09 26
22.51 25
24
22.01 ?
21.69 21
20.44 20
19.55 19
18.02 18
21.04
2) 27
ir
23.68 26
23.33 25
24
22.51 ?;
22.20 21
21.08 20
19.63 19
19.47 18
21.70
Wall A
23.5
23.2
22.7
21.6
19.3
22.1
WEST WALL (WF
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall A
24.1
23.9
23.1
22.4
21.5
23.0
EAST WALL (EP4)
0 0.2 Z 0.4
WnaI-Air Tm rtira&
0 0.2 Z 0.4
EAST
WALL
dT =
0.97C
0.6
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
ir 27
23.4 26
22.91 25
24
22.18 t
21.9 21
20.82 20
19.44 19
18.61 18
21.32
4) 27.
26.
25.
24.
U.
22.
21.
20.
19.
Wall-Air-Tempeaue
+Wall
- - i- - - - - ----- - - - -
------ --- -
Td-T=0.88-C
0 0.2 z 0.4 0.
0 Jalr Temperatures
-+-Wall
0 -0 -Air ~-- -
0 - - --------- - -- -
0 - -- -- - -- - ---- ------ iil- a -
0 --- - -- --- * - y- -R - ---.---
0 - - -- - - -- --- -- -- -- -
dT=1.43C3
0 0.2 z 0.4
Wall A
23.1
23.1
22.5
21.3
20.8
22.2
WEST WALL (WP
WEST
WALL
dT =
1.37C
0.6
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall Air
24.0 23.16
22.62
24
22.15
22.8
21.82
21.9 20.6
19.79
21.2 19.44
22.8 21.37
WALL-AIR TEMPERATURES
0 0.2 Z 0.4
f~ IrnepeiauiB$-~~
-+ - W all - - - - - - - - - - - -
-0 A ir 
- - - - - - - - - - -
------ ----------
dT=1.06C
W--Wall
-U-Air
- -- - -- - - - - --, - -- -- -
------------ 11 dT= 1. 30C
6
0.6
CC2
COMFORT-RELATED TEMPERATURES
Floor and Near Floor Temperatures
0 1 2 3 4
Distance from Supply Diffuser (m)
0 Temperature Gradient from Head to 
Foot
.00 ±1
3.50 4
3.00
40 -
21
2.00 -
.50 +
0.00
0.90
boTfloor
* Tabovefloor
0.80
0.70
0.60
e
0.50
0.40-
0.30
0.20
0 0.5 1
CC2
Normalized Temperatures
1.5 2 2.5 3
Distance from Supply Diffuser (m)
dThf(avg) seated
dThf(avg) standin
avg.. T sup =
avg.. T exh =
near floor T =
avg. floor T =
15.61
24.18
18.51
20.78
2.23 sig =
3.34 sig =
22
4)
0.
18
C
C
C
C
* DThf (seat)
*DThf (stand)
2 3
Distance from Supply Diffuser (m)
24
23 -±
#*Qfloor
E Qabovefloor
3.5 4 4.5
0.63
0.61
* Y
* ,
K *
* pU
17+t
16
5.0
4.50 -
UUU
3 UU
4 U
Um
U
1.00
0.50
4 -1 i I I
1
5
1
4 50 1
( no plume flows were calculated for this case )
PLUME FLOW CC2
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
4 2 3 4 5
-1.0 -08 -09 -11 0.0
2 -09 -08 -07 -09 0.0
3 -10 -09 -07 -09 0.0
4 -0.4 -07 -08 01 0.0
5 04 -04 01 08 0.0
MEASURED EAST WALL dT
1 2 3 4 5 6
1 -1.1 -1.5 -1.6 -1.5 -1.2 -1.0
2 -0.7 -1.1 -1.4 -1.3 -1.1 -0.8
3 -0.4 -1.2 -1.4 -1.6 -1.1 -0.7
4 0.2 -0.7 -1.1 -0.9 -0.5 0.1
5 0.5 0.8 -1.0 -0.9 -0.5 0.1
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 -3.6 -3.1 -3.5 -4.2 0.0
2 -4.1 -3.9 -3.4 -43 0.0
3 -4.5 -4.3 -3.4 -4.3 0.0
4 -1.7 -3.2 -3.6 0.5 0.0
5 1.7 -1.8 0.4 3.5 0.0
EAST WALL HEAT FLUX (Watts)
1_ _ 1 - 2 -, 3, 4 5 6
1 -4.6 -6.2 -6.6 -6.2 -5.0 -4.1
2 -3.7 -5.8 -7.3 -6.8 -5.8 -4.2
3 -2.1 -6.3 -7.3 -8.4 -5.8 -3.7
4 1.0 -3.4 -5.4 -4.4 -2.4 0.5
5 2.4 3.8 -4.8 -4.3 -2.4 05
MEASURED SOUTH WALL dT
1 1 2 3 4 5
1 W 00 -05 -0.4 -03 -04
2 0.0 -04 -05 -05 -02
3 00 04 -04 -01 -02
4 00 00 -06 -02 00
5 0.0 02 04 -01 00
MEASURED WEST WALL dT
1 2 3 4 5 6
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.0 -03 -06 -06 -07 -05
3 0.2 0.1 0.3 0.0 0.2 0.7
4 1.1 0.4 0.2 0.3 0.8 1.1
5 1.4 0.9 0.4 0.5 0.9 1.6
SOUTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 0.0 -1.9 -1.5 -1.2 -1.4
2L 0.0 -1.9 -2.4 -2.4 -0.9
3L 0,0 -1.9 -1.9 -0.5 -0.9
4 0.0 0.0 -2.7 -0.9 0.0
5 0 0.9 1.8 -0.4 0.0
WEST WALL HEAT FLUX (Watts) 4 5 
_
_ _ 1 2 3 4 5 6
1 0.0 0.0 0 .0-- 0.0 0 0.0
2 0.0 -16 -31 -31 -37 -26
3 1.2 0.3 0.9 0.0 0.6 4.3
4 6.4 1.1 0.5 0.8 2.2 6.4
5 7.9 24 11 1 3 2.4 9.0
NORTH WALL HEAT
SOUTH WALL HEAT
EAST WALL HEAT
FLUX:
FLUX:
FLUX:
+ WEST WALL HEAT FLUX:
-50.9
-20.4
-118.6
34.7
W
W
W
W
<------ Indicates that no outer surface temperature could be
measured at that point
155.1 W (+ value indicates net energy entering room)
CC2
TOTAL WALL HEAT FLUX:
CONVECTIVE HEAT TRANSFER TO SPACE
conv = hA(Ts- T
P = 1.225 kg/mA3
c = 1010 J/kg/K
288.61 K
294.4 K
1.45 W/mA2K
1.38
North Wall s=
A=
South Wall
22.6 C
19.1 mA2
s = 22.5 C
A = 19.1 mA2
East Wall Ts = 22.2 C
A = 25.3 mA2
West Wall Ts = 23.0 C
A = 25.3 mA2
Floor s=
A =
RADIANT HEAT TRANSFER TO FLOOR
20.8 C
25.3 mA2
Q = 34.1 W
Q = 31.9 W
Q = 29.4 W
Q = 58.1 W
Q = 189.8 W
Qrad,12 hrAiF2 (TI - T2)
Total Conv.
h, = 4cT8182T 3
Q = 343.3 W
1
1I
0.27
0.25
0.29
5.67E-08
20.78 C
31.6 mA2
Tw = 22.58 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Person Simulators to Floor
22.6 C
19.1 mA2
22.5 C
19.1 mA2
s = 22.2 C
A = 25.3 mA2
s = 23.0 C
A = 25.3 mA2
24.1 C
31.6 mA2
s = 30.133 C
A = 8.64 mA2
T = 21.702 C
h = 5.8 W/mA2K
T = 21.662 C
h = 5.8 W/mA2K
T = 21.487 C
h = 5.8 W/mA2K
T = 21.878 C
h = 5.8 W/mA2K
T = 22.442 C
h = 5.9 W/mA2K
T = 25.458 C
h = 6.0 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Q = 55.0 W
Q = 52.6 W
Q = 51.6 W
Q = 80.6 W
Q = 177.9 W
Q = 146.2 W
Q = 417.6 W
Q = 760.9 W
WALL TEMPERATURES
8 i =
62 =
F NS,F =
FEW ,F =
FC F =
T c
A f
239.8
N W. W. -50  --F . i - -- - -- -- - - --- - - - --- --- - -- i i i - - - --- - I --- . . - -
C 2

Date: Jan. 21, 2000
Start Time: 10:00
End Time: 15:40
Title: PC Cluster #3
Description: 6 PCs with seated human operators.
PC s are hooded and discharge at 6-8" AFF.
Tracer Gas injected from PSW3.
Hoods throttled to not capture BL.
CONTROLLED LOADS
1.D. Description X Y Z Watts Surf. T dTair (C)
PSE1 Person Simulator -0.86 -0.71 0.56 73 29.3 n/a
PSE2 Person Simulator 0.00 -0.71 0.56 73 30.2 n/a
PSE3 Person Simulator 0.86 -0.71 0.56 74 28.3 n/a
PCE1 PC Simulator -0.86 -0.03 0.97 92 32.8 13.1
PCE2 PC Simulator 0.00 -0.03 0.97 92 34.5 13.1
PCE3 PC Simulator 0.86 -0.03 0.97 93 33.2 13.9
PSWI Person Simulator -0.86 1.32 0.56 74 30.4 n/a
PSW2 Person Simulator 0.00 1.32 0.56 73 31.2 n/a
PSW3 Person Simulator 0.86 1.32 0.56 76 29.3 n/a
PCw1 PC Simulator -0.86 0.64 0.97 921 34.0 12.9
O U O C DPPY VOL. EXHAUST VOL. PCW2 PC Simulator 0.00 0.64 0.97 92 34.8 12.3
Temperature (3C) 666.6 (mA3/hr) n/a (m^3/hr) PCW3 PC Simulator 0.86 0.64 0.97 93 34.3 12.0
Wind Speed -3 ms Air Exchange Rate 3.23 ach LF Long Fluorsecent Fixtures -32(on layout) n/a n/a
Et1 Seq#: 4E P2 Seq#: 51EP3 Seq# 61EP4 Seq#:I 71EP5 Seq#: I
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Z
ht. ratio (C) (mis) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.61 n/a 0.395 23.91 n/a 0.533 24.03 n/a 0.596 24.14 n/a 0.514 23.93 n/a 0.635 Exhaust
0.56 22.83 <0.08 0.332 22.92 <0.08 0.468 23.25 <0.08 0.618 23.07 <0.08 0.611 23.10 <0.08 0.475 0.56
0.46 22.56 <0.08 0.484 22.81 <0.08 0.564 22.88 <0.08 0.442 22.72 <0.08 0.608 22.92 <0.08 0.633 0.46
0.36 22.30 <0.08 0.759 22.43 <0.08 0.526 22.54 <0.08 0.679 22.35 <0.08 0.316 22.42 <0.08 0.748 0.36
0.26 21.76 <0.08 0.400 21.94 <0.08 0.374 22.05 <0.08 0.661 22.04 <0.08 1.170 21.98 <0.08 1.130 0.26
0.18 20.66 <0.08 0.103 21.01 <0.08 0.139 21.09 <0.08 0.176 20.96 <0.08 0.185 20.85 <0.08 0.105 0.18
0.11 20.05 <0.08 0.104 19.54 0.080 0.088 19.33 0.085 0.089 19.81 <0.08 0.110 19.84 <0.08 0.100 0.11
0.06 19.09 <0.08 0.074 18.48 0.150 0.076 18.78 0.095 0.091 19.01 0.080 0.099 19.38 <0.08 0.099 0.06
0.03 17.77 0.100 n/a 1759 0110 n/a 18.43 0095 n/a 18.19 0.130 na 18.15 0.120 n/a 0.03
0 20.73 n/a n/a 20.71 n/a n/a 21.89 n/a n/a 21.52 n/a n/a 20.77 n/a n/a 0
Supply 15.54 n/a .47 15.82 n/a 0.048 15.96 n/a 0.068 15.71 n/a 0.054 15.60 n/a 0.072 Supply
WP1 Seq#: 9 WP2 Seq#: 10 WP3 Seq#: 1 WP4 Seq#: 2 WP5 Seq#: 3
Timne(S/F: 1:5:3 Time(S/F): 1:5- =4Time(S/F): 1:2 : Time(S/F): 14:0 Time(S/F) 1:8-477
Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.84 n/a 0.430 23.61 n/a 0.447 23.98 n/a 0.527 24.03 n/a 0.512 24.17 n/a 0.554 Exhaust
0.56 22.99 <0.08 0.675 22.82 <0.08 0.512 23.06 <0.08 0.511 22.92 <0.08 0.624 23.26 <0.08 1.080 0.56
0.46 22.67 <0.08 0.715 22.56 <0.08 0.463 22.82 <0.08 0.704 22.75 <0.08 0.742 22.88 <0.08 0.477 0.46
0.36 22.28 <0.08 1.190 22.10 <0.08 0.552 22.58 <0.08 1.650 22.60 <0.08 1.250 22.53 <0.08 0.431 0.36
0.26 21.93 <0.08 1.180 21.84 <0.08 2.490 22.18 <0.08 4.100 21.95 <0.08 0.342 22.09 <0.08 0.313 0.26
0.18 20.70 <0.08 0.112 20.68 <0.08 0.198 20.84 <0.08 0.116 20.74 <0.08 0.072 21.06 <0.08 0.092 0.18
0.11 19.94 0.080 0.088 19.83 <0.08 0.077 19.97 0.080 0.070 20.03 <0.08 0.065 19.89 <0.08 0.065 0.11
0.06 19.70 <0.08 0.080 19.66 0.080 0.067 19.89 0.095 0.078 19.56 0.900 0.069 19.51 <0.08 0.066 0.06
0.03 18.87 <0.08 n/a 19.69 0.085 n/a 19.82 0.080 n/a 19.57 0.950 n/a 19.26 0.080 n/a 0.03
0 21.30 n/a n/a 21.76 0.090 n/a 22.05 n/a n/a 21.98 n/a n/a 21.34 n/a n/a 0
Supply 15.47 n/a .056 15.40 n/a 0.049 15.79 n/a 0.050 15.79 n/a 0.046 15.78 n/ 1 0.052 Supply
- m m mm m m mm m m mm m m mm m m mm m m mm m m
MAIN DATA CC3
'00" -w - - -- --- -- - - -. .-- - --, , - " .. - - - - , - - jo - --'"'I 10"Ims" 0.0 -0 00 , 1 0 , " -IM."
Time(S/F): 112:311 12:55jTim (/): 13:001 13:341Time(5f): l1 :36| 14: U1 Time(S/F): 14:W | 14:2eb Time(5/F): 14:Z11 14:to
WALL TEMPERATURES
Date: Jan. 21, 2000
Start Time: 10:00
End Time: 15:40
Title: PC Cluster #3
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
24.4 24.5 24.7 24.2 23.6
2 24.2 23.8 23.9 23.4 22.7
3 23.2 23.3 23.2 22.7 22.2
4 22.7 22.4 22.3 22.0 21.4
51 21.31 21.51 21.2 2U.41 20_.T
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
S23.8 23.5 23.7 23.4 23.3 23.3
2 23.3 23.2 23.3 23.3 23.1 23.11
22.9 22.9
41 21.5 22.1. 22.4 22.2 21.8
51 2U.U ffgggg 21.31 21.41 Z1.1
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.1 23.8 24.7 24.4 24.1
2 22.9 23.6 24.3 24.3 24.0
3 22.2 22.4 22.8 22.8 22.8
4 20.9 21.6 22.2 21 8 21 7
5 19. U20 1 21.4 21.3 21U
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 24.2 23.8 24.2 24.2 23.8 24.2
2 23.5 23.6 23.7 23.6 23.6 239
3 23.1 23.2 23.3 23.3 23.3 23.1
4 22.4 22.7 22.9 22.4 22.4 22.3
5 21.B 21.7 2. 22.3 21.9 21.b
OUTSIDE WALL SURFACE
1 2 3 4 5
1 23.8 24.0 24.0 23.5 23.6
2 23.0 23.1 23.0 22.4: 22.7
3 22.3 22.3 22.3 21.9 22.2
4 21.7 21.7 21.8 25 21 4l
21.1 21.2 20~ 2061
MEASURED EAST WALL TEMPERATURES
1 22.4 21.9 21.7 21.8 21.9 22.2
2 22.2 22.2 21.9 21.7 21.7 22.31
3 22.2 21.6 4 21.4 21.4 214 21.71
4 22.1 21.1 21.2 21.2 21.3 21.31
5 2 0.6 2U.6 2..91
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.1 23.5 24.0 24.2 24.2
2 22.9 22.7 23.1 23.3 23.3
3 22.2 22.1 22.4 22.5 22.6
4 20.9 21.5 21.9 22.1 22.2
5.. . 21.5 21.5
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
24.2 23.8 24.2 24.2 23.8 24.2
2 23.9 23.7 23.7 23.7 23.6 23.7
3 23.4 23.4 23.4 23.4 23.2 23.5
4 23.0 22.8 23.1 22.9 22.8 23.1
5 2 22 b 228 22. 22 8
WALL-AIR TEMPERATURES
CC3
MEASURED NORTH WALL TEMPERATURES
CC3
uu~
22.8 22.63 22.5 22.9
Date: Jan. 21, 2000
Start Time: 10:00
End Time: 15:40
Title: PC Cluster #3
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 21.1 21.6 22.1 21.9 21.9 21.6
2 21.0 21.3 22.8 22.4 21.7 21.2
5 20.1 21.3 21. 5 21. 1.4 19 9 - 0 9 22.2 2. 0.91 19.6
<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
MEASURED FLOOR TEMPERATURES (TC)
SUSPENDED CEILING TEMPERATURES (C)
________________Floor Temperatures
NORTH CEILING TEMPS
____ f 1 2
L 24.4 24.5
2 24.2 24.6
3 24.0 24.41
4 23.6 24.1
SOUTH CEILING TEMPS 022.0-22.5
1 2 1321.5-22.0
1 24.3 24.4 E21.0-21.5
2 24.3 24.3 M20.5-21.0
3 24.0 24.1
4J 23.7 23.8 U20.0-20.5
U19.5-20.0
Notes: E 19.0-19.5
PCs still draw in air through holes around base.
None of free convective boundary layer surrounding the boxes was
captured by the hoods.
Hallway was pressurized relative to 10-488. Two ped. doors to
hallway were blocked with tape.
FLOOR/CEILING TEMPERATURES CC3
AIR VOLUME MEASUREMENTS
Date: Jan. 21,2000
Start Time: 10:00
End Time: 15:40
Title: PC Cluster #3
Anemometer #: 1
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.110 0.150 0.090 0.120 0.130
2 0.090 0.180 0.090 0.150 0.200
3 0.080 0.130 0.140 0.085 0.110
4 0.085 0.130 0.050 0.090 0.060
5 0.170 0.120 0.130 0.090 0.120
6 0.060 0.120 0.085 0.150 0.120
7 0.130 0.140 0.120 0.080 0.220
8 0.160 0.085 0.090 0.160 0.090
9 0.120 0.140 0.090 0.120 0.0851
10 0.085 0.120 0.100 0.120 0.200
PRESSURIZATION (via smoke test)
Height (ft) POS. EUTRA NEG.
9 X
8 X
7 X
6 X
5 X
4 X
3 X
2 x
1 x
SOUTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.120 0.120 0.160 0.090 0.085
2 0.170 0.170 0.100 0.100 0.090
3 0.085 0.120 0.180 0.100 0.130
4 0.085 0.120 0.085 0.080 0.085
5 0.085 0.140 0.090 0.060 0.120
6 0.090 0.100 0.150 0.085 0.170
7 0.090 0.060 0.085 0.085 0.120
8 0.090 0.130 0.160 0.130 0.100
9 0.120 0.120 0.100 0.060 0.085
10 0.250 0.070 0.085 0.085 0.080
MEASURED DIFFUSER AIR VOLUME
cfm mA3/hr
North Diffuser: 202.9 345.6
South Diffuser: 188.4 321.0
Total Room: 391.3 666.6
Room ACH: 3.23 ACH
IftA2 ImA2
Volume/Unit Area: 1.15 21.10
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AIR TEMPERATURES CC3
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WALL TEMPERATURES
TOTAL WALL HEAT FLUX: -159.2 W (+ value indicates net energy entering room)
11
2
3
4
ni2p 5
12 3 4 5
026.0-27.0
025.0-26.0
024.0-25.0
0 23.0-24.0
M22.0-23.0
M 21.0-22.0
N20.0-21.0
0 19.0-20.0
2
3
4
1 2 3 4 5
E26.0-27.0
S25.0-26.0
024.0-25.0
3 123.0-24.0
M22.0-23.0
M 21.0-22.0
4 M20.0-21.0
M 19.0-20.0
5
2 3 4 5 6 1 
2 3 4 5 6
WALL-AIR TEMPERATURES
CC3
E26.0-27.0
025.0-26.0
024.0-25.0
0323.0-24.0
M22.0-23.0
* 21.0-22.0
020.0-21.0
N19.0-20.0
-2
3
4
026.0-27.0
025.0-26.0
024.0-25.0
123.0-24.0
M22.0-23.0
*21.0-22.0
020.0-21.0
019.0-20.0
CC3
1
Wall-Air TemperaturesNORTH WALL (A
Wall A
24.5
23.8
23.3
22.4
21.5
23.1
EAST WALL (EP2
Wall A
23.50
23.20
22.90
22.10
19.70
22.3
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg. 21.30
SOUTH WALL (WP1)P5) 27
ir 26
23.26
22.88 25
24
22.53
22.09 21
21.06 20
19.89
19.51 19
21.60 18
0
ir 27
22.92 26
22.81 25-
24-
22.43 G -
21.94 21
21.01 20
19.54 19-
18.48 18
0.6
Wall Air
24.4 22.99
22.67
24.3
22.28
22.8
21.93
21.8 20.7
19.94
21.3 19.7
22.9 21.46
-- W-Alr------------
---- T------ -.500
dT= 1. 50C
EAST WALL (EP4)
0 0.2 Z 0.4
EAST
WALL
dT =
0.99C
0.6
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall Air
23.3 23.07
22.72
23.1
22.35
22.8
22.04
21.8 20.96
19.81
21.1 19.01
22.4 21.42
26
25-
24
:G -
22 -
21
20
19
18
0
+-Wall
U-Air
-----
--- ------------- --
dT=0.98C
0.2 z 0.4 0.6
WEST WALL (WP2)
Wall Air
23.8 22.82
22.56
23.6
22.1
23.2
21.84
22.7 20.68
19.83
21.7 19.66
23.0 21.36
27 *+Wall rTemperatures
-0-Air
26
25
24 - ----- - -- - +
21 --- - ------
20 -- 
-
191- dT=1.64C
18
0 0.2 Z 0.4
WEST WALL (WP4)
WEST
WALL
dT =
1.51C
0.6
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall Air
23.8 2
23.6
23.3
2
22.4 2
21.9 1
23.0 2
27
2.92 26
2.75 25
24
22.6
1.95 21
0.74 20
0.03 19
9.56 18
1.51
Wall-Air Temperatures
-- Wall
-U-Air -- - --
-- --------------------
dT=1.35C
0 0.2 z 0.4 0.6
WALL-AIR TEMPERATURES
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
- - - ---- ---
------- -- - INO -
-- --- ----dT=1.00C
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
0.2 Z 0.4
^A 1
Wall-Air Temperatures
27 --- Wall
26 -M-Air
24 --- --- -------------
24-- ------ ---
21
20
19 T
18 1 d T=1 A.4C
0 0.2 Z 0.4 O.E
27 Wa I-Air Temperatures _
CC3
COMFORT-RELATED TEMPERATURES CC3
Floor and Near Floor Temperatures
S
, ,
I
B
U
K
a
aU
2 3
Distance from Supply Diffuser (m)
4
0.90 Normalized Temperatures
0.80
0.70
*Tfloor
* Tabovefloor
5
0.60
0.50
0.40
0.30
0.20
0 0.5 1 1.5 2 2.5 3
Distance from Supply Diffuser (m)
3.5
Temperature Gradient from Head to Foot
4.00
3.50
1.50
1.00
0.50 --
0 1 Distance fdom Supply liffuser (m) 4
dThf(av seated 2.125 sig =
dThf(av standin( 3.242 sig =
avg.. T sup= 15.686 C
avg.. T exh = 23.925 C
near floor T = 18.734 C
avg. floor T = 21.26 C
* DThf (seat)
*DThf (stand)
5
24
23
22
S
18 f
17
16
0
5.00
4.50
U U
K
*Qfloor
* Qabovefloor
4.5
3.00
0
2.00
U
* U
* K
0.8762
0.7861
0.00
1 -0- - fioft ,
1
( no plume flows were calculated for this case )
PLUME FLOW CC3
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 4 5
1 -0.6 -05 -07 -0.7 0.0
2 -12 -07 -09 -1.0 00
3 -09 -10 -09 -0.8 0.0
4 -1.0 -07 -05 -0.5 00
S5 -0.2 -0.3 -0.4 0.2 0.0
MEASURED EAST WALL dT
1 2 3 4 5 6
-1.4 -16 -20 -1.6 -1.4 -1
2 11 10 -14 -1.6 -14 -08
3 -0.3 -13 -15 -1.5 -14 -09
4 0.6 -10 -12 -1.0 -05 04
51 0.9 0.91 -0.51 -0.51 -0-1 1.01
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 22 -19 -27 -27 0.0
2 54 -34 -43 -48 0.0
3 -41 -48 -43 -39 00
4 -43 -32 -23 -23 0.0
S 08 13 -18 0.9 0.0
EAST WALL HEAT FLUX (Watts) _____
1 _2 3 4 _5 6
-5.8 -6.6 -8.3 -6.6 -5.8 -4.6
-5.8 -5.2 -7.3 -8.4 -7.3 -4.21
-1.6 -6.8 -7.8 -7.8 -7.3 -4.7
2.9 -4.9 -5.9 -4.9 -2.4 2.0
4.3 4.3 -2.4 -2.4 -0.5 4.8
MEASURED SOUTH WALL dT
1 2 3 4 5
1 0.0 -03 -0.7 -02 0.1
2 0.0 -09 -1.2 -1.0 -0.7
3 0.0 -0.3 -0.4 -0.3 -0.2
4 0.0 -01 -03 03 0.5
5 00 04 0.0 02 05
MEASURED WEST WALL dT
1 2 3 4 5 6
1 0.0 00 0.0 00 0.0 0.0
2 0.4 01 00 0.1 0.0 -0.2
3 0.3 0.2 01 01 -0.1 0.4
4 0.6 01 0.2 0.5 0.4 0.8
5 1.3 08 0.2 04 0.7 1.3
SOUTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 0.0 -12 -27 -08 04
2 00 -43 -5.8 -48 -32
3 __ 00 -1_4 -19 -14 -09
4 0.0 -0.5 -1.4 1.4 21
5 00 18 00 0.9 21
WEST WALL HEAT FLUX (Watts)__________
1 2 3 4 5 6
1 0.0 0 0.0 0.0 0.0 0.0
2 2.1 0.5 0.0 0.5 0.0 -1.0
3 2.0 0.6 0.3 0.3 -0.3 2.5
4 3.5 0.3 0.5 1.4 1.1 4.6
5 7.3 2.1 0.5 1.1 1.9 7.3
NORTH WALL HEAT
SOUTH WALL HEAT
EAST WALL HEAT
+ WEST WALL HEAT
FLUX:
FLUX:
FLUX:
FLUX:
-59.6
-21.7
-117.0
39.1
W
W
W
W
<----- Indicates that no outer surface temperature could be
measured at that point
CC3
CONVECTIVE HEAT TRANSFER TO SPACE
P = 1.225 kg/mA3
c, = 1010 J/kg/K
288.69 K
294.4 K
1.45 W/mA2K
1.38
Qc~v h~ (s -F.
North Wall Ts = 22.8 C
A= 19.1 mA2
South Wall
East Wall t, =
22.6 C
19.1 mA2
22.4 C
A 25.3 mA2
West Wall Ts = 23.1 C
A = 25.3 mA2
Floor Ts = 21.3 C
A = 25.3 mA2
RADIANT HEAT TRANSFER TO FLOOR
62 =
62 =
1
1I
F N SF 0.27
FEW. F = 0.25
FC ,F 0.29
0 =
Ttoo =
A po=r
5.67E-08
21.26 C
31.6 mA2
Q = 36.8 W
Q = 31.9 W
Q = 34.0 W
Q = 59.8 W
Q = 204.6 W
Qrad,12 = hAF2 (TI -T2)
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Tw = 22.70 C
Ceiling to Floor
Person Simulators to Floor
22.8 C
19.1 mA2
22.6 C
19.1 mA2
s = 22.4 C
A = 25.3 mA2
s = 23.1 C
A = 25.3 mA2
is = 24.2 C
A = 31.6 mA2
s = 29.783 C
A = 8.64 mA2
T = 22.018 C
h = 5.8 W/mA2K
T = 21.928 C
h = 5.8 W/mA2K
T = 21.817 C
h = 5.8 W/mA2K
T = 22.168 C
h = 5.8 W/mA2K
T = 22.716 C
h = 5.9 W/mA2K
T = 25.523 C
h = 6.0 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Total Conv.
hr =407C1 E 2T 3
Q = 45.3 W
Q = 39.9 W
Q = 40.7 W
Q = 66.8 W
Q = 156.2 W
Q = 133.3 W
Q= 349.0 W
Q = 716.2 W
Q = 367.2 W
192.7
WALL TEMPERATURES
w Owe
CC3

Date: Nov. 13, 1999
Start Time: 14:33
End Time: 20:04
Title: General Assy. Simulation #3
Description: Light Manufacturing
Contaminants = Person Simulators
CONTROLLED LOADS
I.D. Description X Y Z Watts Surf. T dTair (C)
LF Long Fluorsecent Fixtures (on layout) 732 n/a n/a
PSN Person Simulator (North) 1.20 1.00 1.00 91 30.0 n/a
PSS Person Simulator (South) -1.20 -1.00 1.00 94 30.3 n/a
CPN Control Panel (North) 1.96 -0.81 1.00 385 37.5 n/a
CPS Control Panel (South) -1.96 0.81 1.00 391 38.3 n/a
PC PC Simulator 1.96 1.00 1.14 171 42.3 n/a
O UTDOORCONDITIONSUPLY VOL. ~EXHAUST VOL.
Temprature(9c) j 585.7 (MA 3/hr) n/a (rnA3/hr)I 
__________________________
Te eed 5 (m/s Air Exchange Rate 2.84 ach
Seq#: I q#:NP2 Seq#: 1 PSeq# Seq#:
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 24.47 n/a 0.480 24.37 n/a 0.492 24.35 n/a 0.465 24.28 n/a 0.396 24.31 n/a 0.388 Exhaust0.56 23.70 <0.08 0.342 23.65 <0.08 0.722 23.65 <0.08 0.799 23.69 <0.08 0.853 23.68 <0.08 0.989 0.56
0.46 23.61 <0.08 0.509 23.46 <0.08 0.775 23.63 <0.08 1.220 23.49 <0.08 1.010 23.51 <0.08 1.180 0.46
0.36 23.36 <0.08 0.418 23.26 <0.08 0.469 23.27 <0.08 1.510 23.15 <0.08 1.980 23.29 <0.08 2.170 0.36
0.26 22.35 <0.08 0.079 22.64 <0.08 0.056 22.42 <0.08 0.130 22.31 <0.08 0.222 22.25 <0.08 0.820 0.26
0.18 20.94 <0.08 0.029 21.38 <0.08 0.025 21.08 <0.08 0.037 20.91 <0.08 0.016 21.22 <0.08 0.020 0.18
0.11 20.48 <0.08 0.023 20.91 <0.08 0.022 20.13 <0.08 0.020 20.10 0.085 0.015 20.19 <0.08 0.012 0.11
0.06 19.81 <0.08 0.020 19.55 <0.08 0.024 19.54 0.110 0.024 19.63 <0.08 0.014 19.38 <0.08 0.013 0.06
0.03 19.43 <0.08 n/a 18.98 0 100 n/a 19.55 0.110 n/a 18.67 0.090 n/a 19.17 0.170 n/a 0.03
0 21.96 n/a n/a 22.43 n/a n/a 22.88 n/a n/a 21.68 n/a n/a 22.31 n/a n/a 0Supply 1 .46 n/a -. 16.27 n/a 0.024 16.41 n/a 0.017 16.45 n/a .011 16.40 n/a 0.016 Supply
CP Seq#: 5 EP1 Seq#: 7 EP2 Seq#: 6 WP1 Seq#: 3 WP2 Seq#: 4
Time(S/F): 77 7 7- Time(S/F): 18: : ime(S/F): 1:45 18:0 Time(S/F): 1:15 : Time(S/F): : :6:
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 24.40 n/a 0.549 24.38 n/a 0.515 24.30 n/a 0.364 24.52 n/a 0.342 24.32 n/a 0.530 Exhaust
0.56 23.79 <0.08 0.746 23.82 <0.08 0.540 23.74 <0.08 0.537 23.75 <0.08 0.793 23.78 <0.08 0.819 0.56
0.46 23.63 <0.08 0.922 23.51 <0.08 0.596 23.60 <0.08 0.621 23.56 <0.08 1.230 23.63 <0.08 1.560 0.46
0.36 23.29 <0.08 3.050 23.20 <0.08 0.694 23.16 <0.08 1.770 23.23 <0.08 1.630 23.20 <0.08 1.780 0.36
0.26 22.52 <0.08 0.442 22.19 <0.08 0.105 22.44 <0.08 0.827 22.33 <0.08 0.429 22.34 <0.08 0.358 0.26
0.18 21.09 <0.08 0.019 20.88 <0.08 0.036 21.03 <0.08 0.012 20.42 <0.08 0.015 20.93 <0.08 0.017 0.18
0.11 19.89 0.090 0.018 19.81 <0.08 0.021 20.06 0.090 0.012 19.97 <0.08 0.012 19.99 0.085 0.015 0.11
0.06 19.60 0.080 0.014 19.13 0.085 0.016 19.46 0.090 0.020 19.93 <0.08 0.014 19.83 0.090 0.015 0.06
0.03 19.64 0.080 n/a 18.50 0.095 n/a 18.84 0.090 n/a 19.98 0.095 n/a 19.91 0.090 n/a 0.03
0 22.90 n/a n/a 22.11 n/a n/a 22.51 n/a n/a 22.92 n/a n/a 22.94 n/a n/a 0Supply 1.25 n/a 017 618 n/a I 17 16.15 /a 1 .012 1. n/a 0.012 1 5 na 0.012 Supply
MAIN DATA HGA
Time(S/F): 1 :3i 20:U4 Time(S/F): 19:U41 19:34 Time(S/F): 16:38 19:1 Time(S/F): 14: 33 15:36 Time(S/F): 15:371 16:12
HGAWALL TEMPERATURES
Date: Nov. 13, 1999
Start Time: 14:33
End Time: 20:04
Title: General Assy. Simulation #3
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 25.1 24.9 24.8 24.4 23.9
2 24.6 24.4 24.4 24.0 23.3
3 23.5 24.0 23.9 23.6 22.5
4 22.3 22.8 23.3 23.8 21.6
L 51 2174 21.b 21.01 2U.41 ~207
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6j
1 23.8 23.7 23.9 23.7 23.5 23.51
2 23.7 23.6 23.6 23.5 23.4 23.41
3 23.3 23.4
4 22.1 22.4 21 9 22.3 22.1
5 2U.4 M /U.2 21.31 21.2
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.5 24.0 24.7 24.8 24.7
2 23.4 23.6 24.3 24.4 24.2
3 23.1 23.1 23.6 23.8 23.7
4 21.8 21.7 23.3 23.1 22.1
5 2078 21.21 21.8 272 27
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 24.4 24.4 24.6 24.8 24.5 25.0
2 24.2 24.2 24.2 24.4 24.5 24.7
3 24.1 23.8 23.9 23.9 24.2 24.0
4 22.9 22.7 22.7 22.8 22.8 22.8
5 22.5 22.3 22.5 22.3 22.21 2
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 23.6 23.9 24.4 24.4 23.9
2 23.5 23.4 23.2 22.9 233
3 22.6 22.7 22.6 22.5 22.5
4 22.0 22.1 22.2 22.1 21.6
51 212 20. 20.8 zu207 2073
1 2 3 4 5 6
1 23.1 22.9 22.8 22.8 22.9 23.0
2 22.9 22.8 22.6 22.4 22.6 22.8
3 22.6 22.6 22.1 22.1 22.2 22.3
4 22.2 23.0 21.5 21.5 21.6 21.6
s211 21.4 20.8 21.U 21.U 20.9
MEASURED SOUTH WALL TEMPERATURES
1 2 3_ 4_ 5
1 235 ~ 24.5 24.6 24.6 24.5
2 23.4 23.4 23.9 24.0 23.9
3 231 22.7 23.2 23.3 23.1
4 21.8 22.1 22.5 22.5 22.4
5 208 G 2U 208 21.1 20.9
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 244. 44. 24.6 24.8 24.5 25.0
2 25.7 25.2 25.1 25.1 25.1 25.6
3 25.3 24.7 24.6 24.6 24.5 25.1
4 24.8 24.2 24.1 24.1 24.2 24.5
5 23.9 23.b 23./ 23.5 23.4 4
MEASURED EAST WALL TEMPERATURES
23.3 23.3 23.2 23.11
Date: Nov. 13, 1999
Start Time: 14:33
End Time: 20:04
Title: General Assy. Simulation #3
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 22.1 21.9 22.2 22.2 22.1 21.9
2 21.7 21.9 22.3 22.3 21.3
3 21.2 21.6 22.0 22.2 21.9 21.0
4 20.1 21.0 21.8 21.7 21.1 20.1
0.2 21.1 21.5 20. 19.9
<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
_ 1 2
1 25.1 25.0
2 25.0 25.0
3 24.7 24.7
4 244 24.4
SOUTH CEILING TEMPS
1 2
1 24.7 24.8
2 24.6 24.7
31 24.4 24.5
4 24.2 24.21
MEASURED FLOOR TEMPERATURES (TC)
I i 2 13- 1 4 5TI 61
2
022.0-22.5
021.5-22.0
021.0-21.5
M20.5-21.0
*20.0-20.5
U 19.5-20.0
* 19.0-19.5
Notes:
Hallway was neutral relative to 10-488.
10-485 was slightly negative relative to 10-488.
1 2 3 4 5 6
FLOOR/CEILING TEMPERATURES
1
HGA
Date: Nov. 13,1999
Start Time: 14:33
End Time: 20:04
Title: General Assy. Simulation #3
AIR VOLUME MEASUREMENTS
Anemometer #: 1
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.108 0.116 0.108 0.098 0.108
2 0.104 0.125 0.086 0.110 0.119
3 0.119 0.116 0.090 0.084 0.094
4 0.090 0.106 0.088 0.090 0.094
5 0.122 0.089 0.100 0.094 0.094
6 0.087 0.119 0.086 0.092 0.137
7 0.098 0.108 0.096 0.084 0.119
8 0.089 0.086 0.102 0.098 0.089
9 0.100 0.104 0.088 0.104 0.088
10 0.087 0.094 0.090 0.090 0.098
PRESSURIZATION (via smoke test)
Height (ft) POS. NEUTRAL NEG.
9 x
8 x
7 x
6 x
5 X
4 X
3 X
2 X
1 X
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.106 0.090 0.106 0.087 0.100
2 0.108 0.137 0.102 0.108 0.089
3 0.104 0.106 0.125 0.088 0.089
4 0.094 0.102 0.116 0.094 0.088
5 0.088 0.096 0.090 0.094 0.089
6 0.102 0.094 0.110 0.090 0.090
7 0.086 0.090 0.090 0.106 0.113
8 0.100 0.106 0.110 0.122 0.108
9 0.098 0.116 0.087 0.078 0.096
10 0.108 0.096 0.102 0.086 0.116
MEASURED DIFFUSER AIR VOLUME
cfm m^3/hr
North Diffuser: 171.7 292.5
South Diffuser: 172.1 293.2
Total Room: 343.8 585.7
Room ACH: 2.84 ACH
/ftA2 /mA2
Volume/Unit Area: 1.01 18.53
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WALL TEMPERATURES
Date: Nov. 13, 1999
Start Time: 14:33
End Time: 20:04
Title: General Assy. Simulation #3
INSIDE WALL SURFACE
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 61
1 23.8 23.7 23.9 23.7 23.5 23.5
2 23.7 23.6 23.6 23.5 23.4 23.4
3 23.3 23.4 23.21
4 22.1 22.4 21.9 22.31 22.1
5 2U.4 of= 2U.21 21.31 21.2
93 11
MEASURED SOUTH WALL TEMPERATURES
1_ 2 3 4 5
1 23.5 24.0 24.7 24.8 24.7
2 23.4 23.6 24.3 24.4 24.2
3 23.1 23.1 23.6 23.8 23.7
4 21.8 21.7 23.3 23.1 22.1
5 ~27 2 722 21762--Z--
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 24.4 24.4 24.6 24.8 24.5 25.0
2 24.2 24.2 24.2 24.4 24.5 24.7
3 24.1 23.8 23.9 23.9 24.2 24.0
4 22.9 22.7 22.7 22.8 22.8 22.8
5 22.5 122.3 22.5 122.3 22.2 223
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
23.6 23.9 24.4 24.4 239
2 23.5 23.4 23.2 22.9 23.3
3 22.6 22.7 22.6 22.5 22.5
4 22.0 22.1 22.2 22.1 21.6
51 21.21 20.91 208 20.8 $ tV
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 23.1 22.9 22.8 22.8 22.9 23.0
2 22.9 22.8 22.6 22.4 22.6 22.8.
3 22.6 22.6 22.1 22.1 22.2 22.3
4 22.2 23.0 21.5 21.5 21.6 21.6
5 2T.1 21.4 -- 22.8* 21. = 2 2.9
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 23.5 24.5 24.6 24.6 24.5
2 234 23.4 23.9 24.0 23.9
3 23 1 22.7 23.2 23.3 23.1
4 21.8 22.1 22.5 22.5 22.4
5 20,8 2U76 ,7 11 2091
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6I 24.4 244 24. 24.8 24 5 25~0
25.7 25.2 25.1 25.1 25.1 25-6
3 25.3 24.7 24.6 24.6 24.5 25.1
4 24.8 24.2 24.1 24.1 24.2 24.5
- 5 2 3 9 2 W 6 - --3 T - -2 3 4 2
MEASURED NORTH WALL TEMPERATURES
HGA
_ _ _ 1 2 .3 . 4 5
1 25.1 24.9 24.8 24.4 23.9
2 24.6 24.4 24.4 24.0 23.3
3 23.5 24.0 23.9 23.6 22.5
4 22.3 22.8 23.3 23.8 21.6
5 21.4 21.5 21.0 -20.4 -20.3
Moo-- g I
23.3 23.3
NORTH WALL (N
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall A
24.8
24.4
23.9
23.3
21
23.5
EAST WALL (EP1)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
P1) 27
ir 26
23.7
23.61 25
24
23.36
22.35 21
20.94 20
20.48
19.81 19
22.04 18
Wall Air
23.7 23.82
23.51
23.5
23.2
23.4
22.19
22.3 20.88
19.81
21.3 19.13
Avg. 22.8 21.79
Wall-Air Temperatures
-+-Wall
-U-Air
- - -- - -
--------------------
dT =1. 46C
0 0.2 Z 0.4 O.E
27
26 -al -W--------a-l-
25 -Air
24
2 4 -- ---...-- -
22 ---- - ------------
21 +- -- -- -- - -- - -- -- ---
1d 19------------dT=1.01C
18
0 0.2 Z 0.4 0.6
SOUTH WALL (SF
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
Wall A
24.7
24.3
23.6
23.3
21.8
23.5
1)
ir
23.69
23.49
23.15
22.31
20.91
20.1
19.63
21.90
WEST WALL (WP1)
Wall Air
0.56 24.6 23.75
0.46 23.56
0.43 24.2
0.36 23.23
0.3 23.9
0.26 22.33
0.18 22.7 20.42
0.11 19.97
0.06 22.5 19.93
Avg. 23.6 21.88
Wall-Air Temperatures27
26 -+-Wall
-U-Air
24 - --
2 ------------- -
2- --- -- * - - - --- -- - - - - -
21 -- ---------- --
2 0 - - -- - - - - - -
1 9 - - - - - - - - - - -- - -
dT=1.60C18
0 0.2 z 0.4 O.E
27
26 -4 Wall- --------------------
25 -Ai ----- --
24 -- --- -- ------
21
20 - - - ------- --
19- ------------------- T=1.72C18 1 I
0 0.2 z 0.4 0.6
HGAWALL-AIR TEMPERATURES
COMFORT-RELATED TEMPERATURES HGA
Floor and Near Floor Temperatures
*
23
22
CL
18
17
I
I
4 ~*
N In
U
U
0.90
0.80
0.70
*Tfloor
I Tabovefloor
0.60
0
0.50
Normalized Temperatures
$
0.40 +
0.30 -
0.20
0 1 2 4 5Distance romn Supply Diffuser (in)
0 Temperature Gradient from Head to Foot
0{
01 m
a
w
w
K 11
*
U I
I
In
U
0 0.5 1 1.5 2 2.pp 3Distance from Supply jfuser (n
dThf(av seated
dThf(avi stand inc
1.721 sig =
3.112 sig =
3.5
0.648
0.5107
avg.. T sup= 16.321 C
avg.. T exh = 24.37 C
near floor T= 19.267 C
avg. floor T = 21.45 C
* DThf (seat)
* DThf (stand)
0 1 Distance rom Supply giffuser (m)
24
w
Is
16
5.0
4.5
4.0
3.5
N
*Qfloor
a Qabovefloor
4 4.5
3.00
2.0
2.00
1.50
1.00
0.50
0.00
M. & i NO! --------
4 5
1200
- Max. Case
---- Min. Case
1000 - -- Mundt ~ - - - - -
- Sys. Supply
--- Walls
.800- - - - - - - - -
0FL 600 ----- - - --------- - - - - -
E
75 400 - - - - -- - -
200 - - - - L - - - - -
0
0 0.5
h(m) Z
Zmax = 1.30 0.20
Zmin = 1.02 0.16
Zmundt = 1.10 0.17
Volumetic Flow Rate of Wall Convection -->
Plume Air Flow Model
h(m)
1.41
1.13
1.21
1.5
Room Height (m)
z
0.22
0.17
0.19
Skaret
- = 0.0114(gATf / T) 4 z' 4B
Plume Flow Rates --> Skistad
-F = k(g/C pT)P 1 3 z 5 3
Mundt (1992)
-=0.00238Q 3 (0.004+.039y +0.380y, 2 -0.062y, )
y1 = 2.86(y +yo)Q s
PLUME FLOW
image""
HGA
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 J -4 5
-1.5 -1.0 -0.4 0.0 0.0
-1.1 -1.0 -1.2 -1.1 0.0
3 -0.9 -1.3 -1.3 -1.1 0.0
4! -0.3 -0.7 -1.1 -17 0-0
5 -0.2 -0.6 -0.2 0.4 0.01
MEASURED EAST WALL dT
_ _ 1 2 3- 4 5 6
1 -0.7 -0.8 -1.1 -0.9 -0.6 -0.5
2 -0.8 -0.8 -1.0 -1.1 -0.8 -0.6
3 -0.7 -0.7 -1.2 -1.3 -1.0 -0.8
4 0.1 0.6 -0.4 -0.8 -0.5 -0.2
s 0.7 0.6 0.6 -0.3 -0.2 0.4
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 -5.4 -3.9 -1.5 0 0 0.0
2 -5.0 -4.8 -5.8 -5 3 0.0
3 -41 -6.3 -6.3 -53 0.0
4 -1.3 -3.2 -5.0 77 0.0
5 -0.8 -2.7 -0.9 1 8 0.01
EAST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 -2.9 -3.3 -4.6 -3.7 -2.5 -2.1
2 -4.2 -4.2 -5.2 -5.8 -4.2 -3.1
3 -3.7 -3.7 -6.3 -6.8 -5.2 -4.2
4 0.5 2.9 -2.0 -3.9 -2.4 -1.0
5 3.3 2.91 2.9 -1.4 -1.0 1.91
MEASURED SOUTH WALL dT3
___ 011 
_____
1 000 0 5 -01 -0.2 -0.2
2 0. -0.2 -04 -0.4 -0.3
3 0.0 -0.4 -04 -0.5 -0.6
4 0.0 0.4 -08 -0.6 0.3
5 0,0 -06 -10 -1.1 -0.7
MEASURED WEST WALL dT 
__4__ 
_
1 2 3 4 5 6
1 0.0 0.0 0.0 0.0 0.0 0.0
2 1.5 1.0 0.9 0.7 0.6 0.9
3 1.2 0.9 0.7 0.7 0.3 1.1
4 1.9 1.5 1.4 1.3 1.4 1.7
5 1.4 1.3 1.2 1.2 1.2 1.9
SOUTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 0.0 1.9 -0.4 -0.8 -0.7
2 0.0 -1.0 -1.9 -1.9 -1.4
3 0.0 -1.9 -1.9 -2.4 -2.7
4 0.0 1.8 -3.6 -2.7 1.3
5 0.0 -2.7 -4.4 -4.9 -2.9
WEST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 6. 0 0..0 0.0 0.0
2 7.8 5.2 4.7 3.7 3.1 4.7
3 7.4 2.6 2.0 2.0 0.9 6.8
4 11.0 4.1 3.8 3.6 3.8 9.8
5 7.9 3.5 3.2 3.2 3.2 10.7
NORTH WALL
SOUTH WALL
EAST WALL
HEAT FLUX:
HEAT FLUX:
HEAT FLUX:
+ 
_ WEST WALL HEAT FLUX:
-73.5
-33.3
-72.8
119.0
<ul---W
W
w
W
Indicates that no outer surface temperature could be
measured at that point
-60.5 W (+ value indicates net energy entering room)
HGA
TOTAL WALL HEAT FLUX:
CONVECTIVE HEAT TRANSFER TO SPACE
P = 1.225 kg/mA3
c,= 1010 J/kg/K
T,,= 289.32 K
T= 294.9 K
= 1.45 W/mA2K
1.38
s- -T.)
North Wall Ts = 23
A= 19
South Wall s = 23
A= 1E
.2 C
.1 mA2
.1 C
.1 mA2
East Wall s = 22.7 C
A = 25.3 mA2
West Wall s = 23.6 C
A = 25.3 mA2
Floor s = 21.5 C
A = 25.3 mA2
RADIANT HEAT TRANSFER TO FLOOR
Q = 35.6 W
Q = 34.3 W
Q = 27.9 W
Q = 63.0 W
Q = 188.2 W
Qrad,12 = hrAF 2 (T -7T2)
Total Conv.
h, = 4cci,2T3
Q = 349.0 W
1
1
0.27
0.25
0.29
5.67E-08
21.45 C
31.6 mA2
Tw = 23.15 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Loads to Floor
23.2 C
19.1 mA2
23.1 C
19.1 mA2
s = 22.7 C
A = 25.3 mA2
s = 23.6 C
A = 25.3 mA2
Ts = 24.7 C
A = 31.6 mA2
s = 34.8 C
A = 7.2 mA2
22.319 C
5.9 W/m^2K
T = 22.295 C
h = 5.8 W/mA2K
T = 22.057 C
h = 5.8 W/mA2K
= 22.535 C
h = 5.9 W/mA2K
T = 23.05 C
h = 5.9 W/mA2K
T = 28.125 C
h = 6.2 W/mA2K
Total Radiant
Total WalliCeiling Load
Q = 52.4 W
Q = 50.9 W
Q = 44.7 W
Q = 80.4 W
Q = 172.7 W
Q = 178.7 W
Q = 401.1 W
Q = 750.1 W
HGAWALL TEMPERATURES
=
82 =
F N S .F
FEW 
.F
F C ,F
0- =
Tflo-=
A floor
228.4

Date: Jan. 21, 2000
Start Time: 20:30
End Time: 23:57
Title: General Assy. Simulation #4
Description: Light Manufacturing
Contaminants = Person Simulator
CONTROLLED LOADS
I.D. Description X Y z Watts Surf. T dTair (C)
LF Long Fluorsecent Fixtures ____(on layout) 732 n/a n/a
PS Person Simulator (Standing) 1.20 1.00 1.00 95 28.7 n/a
CP Control Panel -1.96 0.81 1.00 204 34.2 n/a
PC PC Simulator 1.96 1.00 1.14 172 40.2 n/a
OTORCNIINSUPPLY VOL. IEXHAUST VOL.___ ___________________ ___ ___ _____
Temperature 1(90) 703.6 (mA3ihr)l n/a (MA 3ihr) ____I___________________________________ ___
Wind Speed 1-5 m/s lAir Exchange Rate 3 .41 ach]________________
NP1 Seq#: 10 NP2 Seq#: 9 NP3 Seq#: 8 SP1 Seq#: 1 SP2 Seq#: 2
Time(S/F): 2:6 3:7Timne(S/F): 23:15 2:5Time(S/F): 2253 31 Timne(S/F): 20:30 203 ime(S/F): 20:40 21:01'
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.38 n/a 1.240 23.45 n/a 1.150 23.57 n/a 1.030 23.65 n/a 0.758 23.68 n/a 0.971 Exhaust
0.56 22.11 <0.08 2.240 21.95 <0.08 1.140 21.99 <0.08 2.100 22.69 <0.08 0.591 22.17 <0.08 0.875 0.56
0.46 21.76 <0.08 1.920 21.66 <0.08 1.810 21.77 <0.08 4.170 21.92 <0.08 0.483 21.79 <0.08 0.513 0.46
0.36 21.43 <0.08 4.210 21.46 <0.08 3.120 21.45 <0.08 3.850 21.46 <0.08 0.787 21.56 <0.08 0.288 0.36
0.26 20.29 <0.08 1.610 20.32 <0.08 0.157 20.44 <0.08 0.124 20.45 <0.08 0.076 20.62 <0.08 0.089 0.26
0.18 19.20 <0.08 1.160 19.46 <0.08 0.121 19.46 <0.08 0.111 19.48 <0.08 0.064 19.61 <0.08 0.081 0.18
0.11 18.90 <0.08 0.122 19.09 <0.08 0.121 18.77 <0.08 0.103 18.94 <0.08 0.068 18.96 <0.08 0.092 0.11
0.06 18.55 <0.08 0.121 18.13 <0.08 0.117 18.31 0.090 0.100 18.62 <0.08 0.067 18.43 <0.08 0.084 0.06
0.03 17.64 <0.08 n/a 17.56 0.160 n/a 18.05 0.110 n/a 17.52 0.080 n/a 18.22 0.080 n/a 0.03
0 20.37 n/a n/a 20.88 n/a n/a 21.13 n/a n/a 20.40 n/a n/a 21.01 n/a n/a 0
Supply 15.46 n/a 0.110 15.55 n/a 0.109 15.63 n/a 0.108 15.61 n/a 0.073 15.65 n/a 0.092 Supply
CP Seq#: 5 EP1 Seq#: 7 EP2r Seq#: WP1 Seq#: 3 WP2 Seq#: 4
Time(S/F): 21:46 220 ime(S/F): 22:29 226 ime(S/F): 22:10 22:28 Time(S/F): 21:03 2:3Time(S/F): 21:25 14
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.57 n/a 0.991 23.57 n/a 1.130 23.60 n/a 1.020 23.63 n/a 0.986 23.65 n/a 0.974 Exhaust
0.56 22.11 <0.08 0.956 22.21 <0.08 0.331 22.18 <0.08 1.220 22.21 <0.08 0.833 22.17 <0.08 0.871 0.56
0.46 21.75 <0.08 1.660 21.68 <0.08 0.797 21.75 <0.08 0.669 21.89 <0.08 3.960 21.80 <0.08 3.510 0.46
0.36 21.50 <0.08 2.810 21.31 <0.08 0.245 21.41 <0.08 0.494 21.50 <0.08 1.290 21.53 <0.08 1.170 0.36
0.26 20.49 <0.08 0.111 20.40 <0.08 0.106 20.42 <0.08 0.117 20.40 <0.08 0.096 20.55 <0.08 0.104 0.26
0.18 19.48 <0.08 0.089 19.39 <0.08 0.105 19.51 <0.08 0.105 18.86 <0.08 0.087 19.23 <0.08 0.094 0.18
0.11 18.71 <0.08 0.095 18.85 <0.08 0.103 18.21 0.085 0.101 18.75 <0.08 0.094 18.79 0.080 0.101 0.11
0.06 18.20 0.110 0.097 18.14 <0.08 0.106 17.93 0.090 0.098 18.80 <0.08 0.090 18.41 0.090 0.102 0.06
0.03 18.58 0.110 n/a 17.49 0.080 n/a 17.88 0.090 n/a 19.00 0.090 n/a 18.67 0.120 n/a 0.03
0 21.29 n/a n/a 21.10 0.100 n/a 21.33 n/a n/a 21.37 n/a n/a 21.55 n/a n/a 0
Supply 15.58 n/a 0.101 15.57 n/a 0.104 15.44 n/a 0.103 15.68 n/a 0.096 15.74 n/a 0.101 Supply
MAIN DATA
A
LGA
WALL TEMPERATURES
Date: Jan. 21, 2000
Start Time: 20:30
End Time: 23:57
Title: General Assy. Simulation #4
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.6 23.8 23.7 23.7 23.3
2 23.1 23.5 23.3 22.8 22.1.
3 22.1 22.2 21.9 21.2 20.9
4 21.0 21.5 21.1 20.2 20.0
5 2 . . . . .
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 22.9 22.6 22.7 22.6 22.4 22.5
2 22.5 22.4 22.3 22.1 22.2 21.9
21.7 21.71 21.71 21.71 21.71 21.71
20.7 21.0 20.91 21.11 20.8
19.2 520.4 20.4 20.U
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1F22.5 23.2 23.5 23.3 23.2
2 22.2 22.2 23.1 23.0 22.6
3 21.5 21.4 21.9 21.9 21.7
4 20.1 20.5 21.7 21.5 20.8
51 9.8 19.81 20.6 -2078n 20.2
MEASURED WEST WALL TEMPERATURES --
1 2 3 4 5 6
1 22.8 22.6 22.8 22.8 22.8 23.1
2 22.4 22.1 22.1 22.1 22.1 22.5
3 21.7 21.8 21.7 21.6 21.7 21.7
4 21.2 21.5 21.1 21.1 21.2 21.1
5 20. 7 2TU 0 20.7 0 206
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.3 23.6 23.2 22.8 23.3
2 22.4 22.6 22.5 22.2 22.1.
3 21.8 21.8 21.9 21.6 20.9
4 21.2 21.3 21.3 21.1 20.0
5 .206 1 ..
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 22.3 21.7 21.7 21.6 21.7 21.8
2 22.2 22.0 21.7 21.8 21.7 22.0
3 21.9 21.1 21.1 21.1 21.3 21.4
4 21.4 20.8 20.7 20.8 20.8 20.6
51 19.91 2.2 20.4 -20.5 .2T4 2O.
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22.5 23.2 23.7 24.2 23.7
2 22.2 22.6 23.2 23.4 23.3
3 21 5 21.7 22.1 22.1 22.2
4 20. 1 21.2 21.6 21.7 21.7
5 . 21.U0 -21T 21.2 21.7
1 22.8 22.6 22.8 22.8 22.8 23.1
2 22.5 22.2 22.0 22.0 22.0 22.0
31 22.3 21.9 21.9 21.9 21.9 22.1
4_ _ 21.9 21.7 21.8 21.7 21.8 21.9
5 21. t I 21.b 1 21.4 21.4 21.4 21.6
LGA
3
Date: Jan. 21,2000
Start Time: 20:30
End Time: 23:57
Title: General Assy. Simulation #4
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 20.6 21.2 21.5 21.4 21.3 21.0
2 20.9 21.1 21.7 21.5 20.7
3 20.5 21.0 21.4 21.2 21.1 20.5
4 19.7 20.6 21.3 21.9 20.4 19.2
5 20.0 21.0 21.4 20.6= 19.2
<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
-- 1 1 2
1 23.7 23.3
2 23.8 233
3 23.4 23.1
4S 23 3 22 9
SOUTH CEILING TEMPS
1 1 - 1
123.3 23.7
2, 23.4 23.7
3 23.3, 23.5
41 23.0 23.1
IMEASURED FLOOR TEMPERATURES (TC)
Floor Temperatures
Notes:
Hallway was pressurized relative to 10-488. Two ped. doors to
hallway were blocked with tape.
FLOOR/CEILING TEMPERATURES
022.0-22.5
021.5-22.0
021.0-21.5
M20.5-21.0
*20.0-20.5
* 19.5-20.0
* 19.0-19.5
LGA
AIR VOLUME MEASUREMENTS
Date: Jan. 21, 2000
Start Time: 20:30
End Time: 23:57
Title: General Assy. Simulation #4
Anemometer #: 1
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (m/s)
__ 1 2 3 4 5
1 0.140 0.130 0.120 0.090 0.100
2 0.100 0.170 0.100 0.200 0.160
3 0.085 0.090 0.080 0.050 0.140
4 0.110 0.160 0.050 0.100 0.085
5 0.230 0.120 0.180 0.100 0.100
6 0.090 0.130 0.085 0.120 0.140
7 0.130 0.140 0.110 0.060 0.250
8 0.130 0.090 0.190 0.090 0.120
9 0.160 0.100 0.090 0.110 0.180
10 0.085 0.100 0.110 0.090 0.180
PRE55URIZATION (via smoke test)
Height (ft) POS. NEUTRAL NEG.
9 X
8 X
7 X
6 X
5 X
4 X
3 X
2 X 71 X
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.130 0.110 0.130 0.120 0.110
2 0.170 0.140 0.110 0.170 0.090
3 0.130 0.110 0.130 0.100 0.210
4 0.140 0.190 0.110 0.085 0.120
5 0.090 0.160 0.130 0.070 0.120
6 0.100 0.170 0.140 0.100 0.220
7 0.110 0.060 0.100 0.090 0.130
8 0.100 0.140 0.130 0.140 0.090
9 0.085 0.170 0.080 0.060 0.090
10 0.120 0.060 0.085 0.090 0.085
MEASURED DIFFUSER AIR VOLUME
cfm m^3/hr
North Diffuser: 209.1 356.2
South Diffuser: 203.9 347.4
Total Room: 413.0 703.6
Room ACH: 3.41 ACH
/ftA2 /mA2
Volume/Unit Area: 1.21 22.26
LGA
0.2 -
0.1
0
0.5
0.4
0.3
0.2
0.1
Pole SPI
0 0.05 0.1 0.15 0.2
V (mIs)
Pole WP1I
0.00 0.05 V ?ns) 0.15 0.20
6
0.5 +
0.4
Pole- SP2
I
I
I
a
a
I.
S
4
0.1
04
0.0
0.5 +
0.4
0.3 -
0.2 -
0.1
0
0 4-
0.00
1
I
1
3
I
I
I
0.05 0.10
V (m/s)
Drdl WDI
0.05 V ?as)
0.15
i6
0.5
0.4
0.3
0.2
0.1
0.20
0 +-
0.00
0.5
0.4
0.3
0.2
0.1
0.15 0.20 0.00
PQIe NP3
0.05 0.10
V (m/s) 0.15
Pole CP
0.05 V (6Ys) 0.15
i6
0.5
0.4
0.3
0.2
I
I
- O L-
0.20 0.00
0.5
0.4
0.3 -
0.2
0.1
0
0.20
----Pole P2
0.05 0.10
V (m/s) 0.15
- polFP2.
J6
0.5 +
0.4
0.1
0
0.20
0.5
0-4
0.31
0.
0
0 0.05 v H/s) 0.15 0.2
PoeNP1
0 0.05 0.1 0.15 0.2
V (m/s)
2
1
0
0.00 0.05 V ?nHs) 0.15 0.20
AIR VELOCITY LGA
i6
0.5
0.4
03 0.3
0.2
0.1
0.3
0.2
I
I
I
I
I
I
I
I.
I
I
I
I
1
K
I
I
1
I
I
I
£
I
£
I
I
I
.
0
WALL TEMPERATURES
E26.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
M22.0-23.0
M21.0-22.0
M20.0-21.0
M 19.0-20.0
1 2 3 4 5 1 2 3 4 5
1
2
1
3
A
E26.0-27.0
025.0-26.0
024.0-25.0
0 23.0-24.0
M22.0-23.0
M21.0-22.0
M 20.0-21.0
M 19.0-20.0
1 2
R- 5
6 1 2 3
5
4 5 6
2
LGA
3
4
2 N26.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
M22.0-23.0
021.0-22.0
*20.0-21.0
N 19.0-20.0-4
2
026.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
M22.0-23.0
021.0-22.0
E20.0-21.0
N 19.0-20.0
00 A ko i -- , W4 i IMpsommlow" awl mpm
1 1
3 4 5
NORTH WALL (N P1)
Wall Air
23.7 22.11
21.76
23.3
21.43
21.9
20.29
21.1 19.2
18.9
20.1 18.55
22.0 20.32
27
26
25
24
21
20
19-
18
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg. 0.2 Z 0.4
SOUTH WALL (SWall-Air Temperatures
--- Wall
-UI-Air - .--
>~ dT=1.68C0
0.6
Wall A
23.5
23.1
21.9
21.7
20.6
22.2
P1) 27
ir 26
22.69 25
21.92
24
21.46 ;
20.45 21
19.48 20
18.94 19
18.62
20.51 18
Wall-Air Temperatures
Wall
-Air
-- - -dT- --
----- ----- -- -- ----
dT=1.69C]
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
EAST WALL (EP1)
Wall Air
0.56 22.60 22.21
0.46 21.68
0.43 22.1
0.36 21.31
0.3 21.7
0.26 20.4
0.18 21.1 19.39
0.11 18.85
0.06 20.4 18.14
Avg. 21.6 20.28
27.O -
26.0( -- Wall -
25.0 -l--Air
24.00
; Joo
220 - --- - --2.00
21.00 -- - - - - * .----- U -
19.0 JdT=1.32C
0 0.2 Z 0.4
WEST WALL (WP1)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.0.6
Wall Air
22.8 2
2
22.1
21.7
21.1 1
1
21
27
2.21 26
1.89 25
24
21.5 ;a
20.4 21
8.86 20
8.75 19
18.8 18
21.7 20.34 0
-- - ---- -- --
-4-Wall
-*-Air
- -A - - - -- - - - - -
-- --- - - -
--- -- -- - - -
-- - -- - -
I -'4L L1
0.2 z 0.4
LGAWALL-AIR TEMPERATURES
0 0 0.2 z 0.4 0
I
0.6
COMFORT-RELATED TEMPERATURES
Floor and Near Floor Temperatures 0.90
0.80
24
23
22
a)
P9
0.60
e
0.50
0.40
0.301
0 1 2 3 4 5
Distance from Supply Diffuser (m)
Temperature Gradient from Head to Foot
16
Fi0O
4.50
4.00
3.50
3.00
P50
2.00
1.50
1.00 -
0.50
0.00
0.20
Normalized Temperatures
U
U U
U * *0 0.5 1 1.5 2 2.5 3U
U U
0 0.5 1 1.5 2 2.5 3
Distance from Supply Diffuser (m)
dThf(avi seated 1.307 sig = 0
dThf(av standinc 2.377 sig = 0
* ofoor
*Qabovefloor
3.5 4 4.5
.6777
.5009
avg.. T sup= 15.591 C
avg.. T exh = 23.575 C
near floor T = 18.061 C
avg. floor T = 20.81 C
*DThf (seat)
* DThf (stand)
2 3
Distance from Supply Diffuser (m)
*Tfloor
* Tabovefloor
18
171
LGA
$ ~ V
U
, U
U
U 3
* U
U U U
* * ,.U U
* * 3
i i
4 50 1
Plume Air Flow Model
800
700
600
500
00
800,4
200
100
0
0
h(m)
1.61
1.40
1.46
z
0.25
0.21
0.22
h(m)
1.29
1.08
1.16
z
0.20
0.17
0.18
Volumetic Flow Rate of Wall Convection --> Skaret
-= 0.01 14(gATf / T)4-4z14B
Plume Flow Rates --> Skistad
-= k(g / C pT)PI/3z5 /3
Mundt (1992)
_= 0.00238Q 3 4 s-51 8 (0.004+.039y + 0.380y, 2 -0.062y,)
y1 = 2.86(y + y)Q1 s31
PLUME FLOWS
0.5 1 Room e~ight (m) 2 2.5 3
Zmax =
Zmin =
Zmundt =
N-1
LGA
WALL TEMPERATURES LGAWALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 4 5
S -0.3 -02 -0.5 0.9 0.0
2 -07 -09 -08 -0.6 0.0
3 -03 -04 0.0 0.4 0.0
4 02 -02 0.2 0.9 0,0
5 0.1 0.2 0.1 0.9 0.0
MEASURED EAST WALL dT
1 2 3 4 5 6
1 -0.6 -0.9 -1.0 -1.0 -0.7 -0.7
2 -0.3 -0.4 -0.6 -0.3 -0.5 0.1
3 0.2 -0.6 -0.6 -0.6 -0.4 -0.31
4 0.7 -0.2 -0.2 -0.3 0.0 06
5 0.7 1.1 0.0 0.1 . 4 07
NORTH WALL HEAT FLUX (Wats)
_ _1 2 - 3 _ _ 4 J_ 5
t -1.1 -0.8 -1.9 -35 0.0
2 -3.2 -4.3 -3.9 -29 0.0
3 -1.4 -1.9 0.0 1.9 0.0
4 0.9 -0.9 0.9 4.1 00
5 0.4 0.9 0.4 4 0 0 0
EAST WALL HEAT FLUX (Watts)
1 2 3 4_ 5___
1 -2.5 -3.7 -4.1 -4.1 -2.9 -2.9
2 -1.6 -2.1 -3.1 -1.6 -2.6 05
3 1.0 -3.1 -3.1 -3.1 -2.1 -1.6
4 3.4 -1.0 -1.0 -1.5 0.0 2.9
5 3.3 5.2 0.0 0.5 1.9 33
MEASURED SOUTH WALL dT
1-72 3 4 5
1 0.0 00 0.2 0.9 0.5
0.0 0.4 0.1 0.4 0.7
3 0.0 0.3 0.2 0.2 0.5
4 _0.01 0.7 -0.1 0.2 0.9
5.0.0 1.2 0.5 0.4 1.5
MEASURED WEST WALL dT
1 0.01 0.0 0.01 0.0 0.0 0.0
2i 0.1 0.1 - -0.1 -0.1 -0.1 -0.5
3 0.6 0.1 0.2 0.3 0.2 0.4
4 0.7 0.2 0.7 0.6 0.6 0.8
5 1.0 0.6 0.4 0.7 0.6 1.0
SOUTH WALL HEAT FLUX (Watts)
1 j 2 _ _ _3 4 5
1 0. 00 0.8 3.5 1.8
2 00 1.9 0.5 1.9 3.2
3 0,0 1.4 1.0 1.0 2.3
4 0.0 3.2 -0.5 0.9 3.8
S0_0 5.3 2.2 1.8 6.2
WEST WALL HEAT FLUX (Watts) 4 5 
_
a -.-b.0 0.0 0.0, 0.0 0.0
2 0.5 0.5 -0.5 -0.51 -0.5 -2.6
31 3.7 0.3 0.6 0.9 0.6 2.5
4 4.0 0.5 1.9 1.6 1.6 4.6
51 5.61 1.61 1.11 1.9 1.6 5.
NORTH WALL HEAT FLUX:
SOUTH WALL HEAT FLUX:
EAST WALL HEAT FLUX:
+ WEST WALL HEAT FLUX:
-12.2 W
42.2 W
-25.5 W
37.2 W
------ Indicates that no outer surface temperature could be
measured at that point
41.7 W (+ value indicates net energy entering room)TOTAL WALL HEAT FLUX:
CONVECTIVE HEAT TRANSFER TO SPACE
P = 1.225 kg/mA3
c = 1010 J/kg/K
T.h
288.59 K
293.4 K
1.45 W/mA2K
1.38
Qconv = hA,(Ts - T.)
North Wall Ts = 21
A= 19
South Wall Ts = 21
A= 1
.8 C
.1 mA2
.7 C
9.1 mA2
East Wall s = 21.4 C
A = 25.3 mA2
West Wall s = 21.7 C
A = 25.3 mA2
Floor Ts = 20.8 C
A = 25.3 mA2
RADIANT HEAT TRANSFER TO FLOOR
Q = 39.7 W
Q = 37.6 W
Q = 38.3 W
Q = 50.6 W
Q = 191.3 W
Qrad,12 =hAF12 (I- T2)
Total Conv.
h = 4-ee 2T3
Q = 357.4 W
SI =
2 =
1
1I
FNS.F = 0.27
FEW .F = 0.25
FC F = 0.29
- = 5.67E-08
Tfloor = 20.81 C
A fl-, = 31.6 mA2
Tw = 21.65 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Loads to Floor
s 21.8 C
A= 19.1 mA2
s = 21.7 C
A = 19.1 mA2
s = 21.4 C
A = 25.3 mA2
s = 21.7 C
A = 25.3 mA2
is = 23.4 C
A = 31.6 mA2
32 C
A = 3.6 mA2
T = 21.301 C
h = 5.8 W/mA2K
T = 21.263 C
h = 5.8 W/mA2K
T = 21.107 C
h = 5.8 W/mA2K
T = 21.275 C
h = 5.8 W/mA2K
T = 22.085 C
h = 5.8 W/mA2K
T = 26.403 C
h = 6.1 W/mA2K
Total Radiant
Total WalllCeiling Load
Q = 29.5 W
Q = 27.2 W
Q = 21.9 W
Q = 34.3 W
Q = 136.6 W
Q = 73.6 W
Q = 249.5 W
Q = 606.9 W
LGAWALL TEMPERATURES
112.9

Date: Jan. 23, 2000
Start Time: 12:30
End Time: 16:25
Title: Gen. Assy. Car #1
Description: Light Manufacturing with Convective
contaminant source near floor (auto_
exhaust)
Tracer Gas injection rate = 90.0 scale
441.6 sccmn
CONTROLLED LOADS
1.D. Description X Y Z Watts Surf. T dTair (C)LF Long Fluorsecent Fixtures (on layout) 732 n/a n/aPS Person Simulator 1.20 1.00 1.00 95 29.1 n/aCP Control Panel 
-1.96 0.81 1.00 204 34.1 n/aPC PC Simulator 1.96 1.00 1.14 172 40.3 n/aCE Car Exhaust Simulator 0.00 -1.70 0.03 254 nla n/a
OUTDOR-CONDITION SUPPLY VOL. EXHAUST VOL.
Temperature e(#C) #31.6 (MA3/hr) n/a (m#:3/h #Wind Speed !0 m ir Exchange Rate 3.06 acho
15:44 142.5 110501 13:05: lN3Z46qim(/I)1Ime(S/F): 1SISee(S/FITime(S/F):
Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Zht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratioExhaust 23.46 n/a 0.426 23.50 n/a 0.405 23.47 n/a 0.411 23.46 n/a 0.407 23.45 n/a 0.398 Exhaust0.56 22.27 <0.08 0.578 22.16 <0.08 0.374 22.16 <0.08 0.367 22.44 <0.08 0.480 22.08 <0.08 0.437 0.560.46 21.99 <0.08 0.561 21.84 <0.08 0.516 22.00 <0.08 0.426 21.95 <0.08 0.502 21.80 <0.08 0.518 0.460.36 21.63 <0.08 0.640 21.45 <0.08 0.473 21.40 <0.08 0.723 21.56 <0.08 0.616 21.42 <0.08 0.580 0.360.26 20.87 <0.08 0.868 20.98 <0.08 0.595 20.91 <0.08 0.861 20.90 <0.08 0.708 20.84 <0.08 0.663 0.260.18 20.11 <0.08 0.109 20.05 <0.08 0.136 20.02 <0.08 0.369 20.22 <0.08 0.165 20.19 <0.08 0.187 0.180.11 19.29 <0.08 0.069 19.22 <0.08 0.074 19.01 0.080 0.095 19.15 <0.08 0.077 19.08 0.080 0.096 0.110.06 18.91 <0.08 0.073 18.67 <0.08 0.082 18.35 0.080 0.092 18.63 <0.08 0.096 18.57 0.090 0.108 0.060.03 17.56 0.095 n/a 18.01 0.085 n/a 18.04 0.130 n/a 17.69 0.080 n/a 18.35 0.080 n/a 0.030 20.06 n/a n/a 20.54 n/a n/a 20.89 n/a n/a 19.85 n/a n/a 20.38 n/a n/a 0Supply 1 .47 n/a 0.046 15.72 n/a 0.041 15.20 n/a 0.044 15.33 n a . 5 15.77 n/a 0.028 Supply
CP Seq#: 5 EP1 Seq#: 8 EP2 Seq#: 4 WP1 Seq#: 7 WP2 Seq#:
Time(S/F): :: Time(S/F): 1:0 : Time(S/F): 34 40 Time(S/F): 1:4 : w Time(S/F): 130 1:2Z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Con Zht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratioExhaust 23.44 n/a 0.392 23.45 n/a 0.397 23.47 n/a 0.414 23.47 n/a 0.402 23.51 n/a 0.391 Exhaust0.56 22.28 <0.08 0.485 22.39 <0.08 0.319 22.32 <0.08 0.467 22.37 <0.08 0.412 22.29 <0.08 0.095 0.560.46 21.94 <0.08 0.452 21.87 <0.08 0.563 21.92 <0.08 0.535 21.89 <0.08 0.466 21.89 <0.08 0.448 0.460.36 21.36 <0.08 1.020 21.44 <0.08 0.638 21.68 <0.08 0.659 21.42 <0.08 0.735 21.04 <0.08 0.648 0.360.26 20.53 <0.08 0.846 20.96 <0.08 0.706 20.95 <0.08 0.685 21.05 <0.08 0.790 20.76 <0.08 0.881 0.260.18 19.88 <0.08 0.151 19.86 <0.08 0.123 20.04 <0.08 0.149 19.34 <0.08 0.089 20.03 <0.08 0.519 0.180.11 18.64 0.140 0.077 19.04 <0.08 0.079 18.45 0.080 0.064 19.08 0.090 0.093 18.97 0.080 0.080 0.110.06 18.42 0.120 0.075 17.86 <0.08 0.068 18.07 0.130 0.070 19.07 0.090 0.080 18.56 0.080 0.075 0.060.03 18.75 0.100 n/a 17.93 <0.08 n/a 18.03 0.130 n/a 19.07 0.090 n/a 18.63 0.095 n/a 0.030 20.93 n/a n/a 20.82 0.150 n/a 20.61 n/a n/a 20.55 n/a n/a 21.00 n/a n/a 0Supply 15.30 n/a 1004 15.74 n/a 0 115.401 n/a 0.03 15.30 n/a I-O1 15.28 n/a 0.035 Supply
15:44 16:25 Time(S/F): 1 3:46 Time(S/F): 14:Z5 14:45 Time(S/F): 15:44 Time(S/F): 12:55 13:05
IGAMAIN DATA
WALL TEMPERATURES
Date: Jan. 23, 2000
Start Time: 12:30
End Time: 16:25
Title: Gen. Assy. Car #1
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.7 24.0 23.9 23.5 23.1
2 23.3 23.5 23.1 22.4 21.9
3 22.2 22.2 22.1 21.4 20.8
4 20.9 21.3 21.0 20.4 20.0
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
1 22.8 22.7 22.7 22.6 22.5 22.6
2 22.4 22.4 22.3 22.2 22.1 22.1
3 21.7 21.8 21.6 21.71
4 20.5 21.1 20.7 21.1j 20.8
5 19.20NM 19.91 20U.6 19.9
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22.6 23.3 23.7 23.5 23.5
2 22.1 22.8 23.3 23.3 22.9
3 21.3 21.5 21.9 22.3 21.9
4 20.1 20.7 21.5 21.8 20.7
5 2IT i4 2 0.6' 1T97
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.0 22.2 23.1 23.1 23.0 23.2
2 22.4 22.3 22.3 22.2 22.4 22.7
3 21.9 22.0 21.8 21.8 21.8 22.1
4 21.1 21.1 21.1 21.2 21.1 20.9
5 20.3 20.2 20.6 20.6 20.6 20.2
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.2 23.4 23.6 22.8 23.1
2 22.3 22.4 22.4 21.8 21.9
3 21.5 21.6 21.5 21.2 20.8
4 20.9 21.0 21.2 20.8 20.0
5 . . . .
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 64 22.2 21.9 21.7 21.7 21.6 21.81
2 21.8 21.9 21.8 21.7 21.7 21.9
3 21.7 21.5 21.4 21.3 21.2 21.2
4 20.5 20.6 21.91 20.8 20.8 20.6
-- 9 -8 ~--20.11 ~~ 2U. - Z 6 - -20.1
<--- Indcates heat source nearby
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22.6 23.4 24.0 24.1 23.7
2 22.1 22.4 22.7 22.8 22.8
3 21.3 21.7 21.8 22.0 21.8
4 20.1 21.2 21.5 21.6 21.5
5 . Z20T 20.8 . 21.0
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1 23.0 22.2 23.1, 2.3.1 23.0 23.2
2 21.8 21.9 21.7 21.7 21.7 21.7
3 21.6 21.5 21.4 21.4 21.4 21.4
4 21.0 20.8 20.8 20.5 20.7 20.7
5 20.5 2.5 20.6 20.4 20.2 20.5
IGA
i- ibl W-1, -low"
21.5 21.6
Date: Jan. 23, 2000
Start Time: 12:30
End Time: 16:25
Title: Gen. Assy. Car #1
FLOOR TEMPERATURES (C)
1 2 3 4 -5-7 6
1 19.8 20.4 20.7 20.8 20.5 20.2
2 20.7 20.6 21.2 21.1 20.3
3 203 208 211 211 20.9 20.2
4 198 205 209 208 20.1 19.1
5 20.2 20.8 21 05 18.9
<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken near heat source
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
1 2
123.9 23.5
2 23.8 23.4
3 23.6 23.2
4 23.1 23.1
SOUTH CEILING TEMPS
L -1 2
1 23.2 23.8
2 23.2 23.8
3 23.3 23.5
4 23.1 23.1
Notes:
Stagnation heights could not be established
Hallway was pressurized relative to 10-488.
hallway were blocked with tape.
Upper Ceiling Temp. = 21.8C
with smoke
Two ped. doors to
MEASURED FLOOR TEMPERATURES (TC)
022.0-22.5
021.5-22.0
021.0-21.5
U 20.5-21.0
0 20.0-20.5
E 19.5-20.0
019.0-19.5
Car Exhaust Temp. = 59.5C
Ave. Discharge Velocity = 2.09 m/s
Exh. Dia. = 2.25 in = .057m
FLOOR/CEILING TEMPERATURES
MEASURED FLOOR TEMPERATURES (IR)
.1
IGA
AIR VOLUME MEASUREMENTS
Date: Jan. 23, 2000
Start Time: 12:30
End Time: 16:25
Title: Gen. Assy. Car #1
Anemometer #: 1
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.130 0.120 0.100 0.090 0.090
2 0.085 0.130 0.090 0.120 0.200
3 0.050 0.150 0.080 0.050 0.120
4 0.085 0.085 0.040 0.009 0.070
5 0.160 0.090 0.160 0.090 0.100
6 0.100 0.120 0.070 0.130 0.120
7 0.170 0.110 0.085 0.060 0.190
8 0.110 0.080 0.160 0.170 0.130
9 0.090 0.120 0.090 0.100 0.170
10 0.085 0.120 0.090 0.110 0.220
PRESURZATON via smoke test
Height (ft) POS. NEUTRAL NEG.
9 X
8 X
7 X
6 X
5 X
4 X
3 X
2 x
1 x
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.100 0.100 0.110 0.090 0.120
2 0.120 0.150 0.090 0.120 0.080
3 0.080 0.120 0.160 0.085 0.200
4 0.085 0.170 0.085 0.060 0.120
5 0.085 0.130 0.090 0.070 0.120
6 0.085 0.085 0.150 0.090 0.230
7 0.009 0.080 0.085 0.100 0.085
8 0.090 0.150 0.150 0.190 0.090
9 0.110 0.120 0.080 0.050 0.085
10 0.130 0.060 0.085 0.080 0.060
MEASURED DIFFUSER AIR VOLUME
cfm mA3/hr
North Diffuser: 189.3 322.4
South Diffuser: 181.5 309.2
Total Room: 370.8 631.6
Room ACH: 3.06 ACH
IftA2 /mA2
Volume/Unit Area: 1.09 19.99
IGA
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0.3 - --
0.2 -- -
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0
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AIR TEMPERATURES IGA
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COMFORT-RELATED TEMPERATURES
Floor and Near Floor Temperatures
0 1 2 3 4
Distance from Supply Diffuser (m)
Temperature Gradient from Head to Foot
4.50
4.00
3.50
3.00 -
350 -
2.00 -
1.50 -
1.00-
0.50
0.00
0 1 Distance f om Supply Eiffuser (m) 4
24
23
22
18 -
17 -
0.90
0.80 -
0.70 -
0.60 -
0
0.50-
0.40 1-
0.30 -
0.20
5
Normalized Temperatures
0 0.5 1 1.5 2 2.5 3
Distance from Supply Diffuser (n
dThf(av seated
dThf(avi standinc
avg.. T sup= 15.451
avg.. T exh= 23.468
near floor T = 18.206
avg. floor T = 20.44
1.768 sig =
2.669 sig =
* Qfloor
*Qabovefloor
3.5 4 4.5
1)
0.6821
0.5391
C
C
C
C
* DThf (seat)
* DThf (stand)
5
*Tfloor
* Tabovefloor
10
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IGA
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U
U *U
U ~U
3:
U
U
3 U
* Ut
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At,
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CONVECTIVE HEAT TRANSFER
= 1.225 kg/mA3
= 1010 J/kg/K
= 288.45 K
= 293.6 K
= 1.45 W/mA2K
1.38
TO SPACE
Qconv = hA (T - T.)
North Wall Ts = 21.8 C
A= 19.1 mA2
South Wall s = 21.8 C
A = 19.1 mA2
East Wall s = 21.4 C
A = 25.3 mA2
West Wall s = 21.7 C
A = 25.3 mA2
Floor s = 20.4 C
A = 25.3 mA2
p
cp
Q= 315.4 W
RADIANT HEAT TRANSFER TO FLOOR
Qad,12 hAIF (TI -T2)
=
£2 =
1
1
F NS F 0.27
FEW F = 0.25
F F = 0.29
CT = 5.67E-08
T floor = 20.44 C
A floor = 31.6 mA2
Tw = 21.66 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Loads to Floor
21.8 C
19.1 mA2
21.8 C
19.1 mA2
s = 21.4 C
A = 25.3 mA2
s = 21.7 C
A = 25.3 mA2
Ts = 23.4 C
A = 31.6 mA2
s = 32.1 C
A= 3.6 mA2
T = 21.096 C
h = 5.8 W/mA2K
T = 21.114 C
h = 5.8 W/mA2K
T = 20.913 C
h = 5.8 W/mA2K
T = 21.09 C
h = 5.8 W/mA2K
T = 21.925 C
h = 5.8 W/mA2K
T = 26.268 C
h = 6.1 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Q = 39.3 W
Q = 40.4 W
Q = 34.7 W
Q = 47.7 W
Q = 158.7 W
Q = 76.6 W
Q = 320.8 W
Q = 636.2 W
WALL TMEPERATURES
Q = 31.3 W
Q = 32.3 W
Q = 28.0 W
Q = 40.9 W
Q = 182.9 W
Total Conv.
162.1
IGA

Date: Jan. 22, 2000
Start Time: 14:00
End Time: 17:30
Title: Body Shop Simulation #2
Description: Light Manufacturing with Welding
Contaminants = Hot Plate
Tracer Gas injection rate = 90.0 scale
441.6 sccm
CONTROLLED LOADS___
1.0. Description X Y z Watts Surf. T dTair (C)
LF Long Fluorseoent Fixtures............(on layout) 732 nla n/a
PS Person Simulator 1.20 1.00 1.00 95 28.7 n/a
CP Control Panel -1.96 0.81 1.00 39$ 38.3 n/a
PC PC Simulator 1.96 1.00 1.14 172 39.8 n/a
HP Hoat Plate 0.00 0.00 0.90 460 nla n/a
OUTDOOR KCONWDITION SUPPLY VOL.~ EXHAUST VOL.
Temperature (10C) 703.6 (mA /hr) n/a (mA3/hr)
Wind Speed ~5_ m/_Is Air Exchange Rate 3.41 la Ic
NP1 Seq#: 1 NP2
Time(S/F): 14:00 14:24Time(S/F):
Seq#: 2 NP3 Seq#: 3 SP1
14:491 15:O7jTime(S/F):
Temp. I Avg.Vel. ITG Conc.I Temp. I Avg.Vel. ITG Conc.I Temp. I Avg.Vel. ITG Conc.
(C) I (m/s) (ppm) (C)
23.81 n/a I 0.316 23.71
(m/s) (ppm) (C)
n/a.. 0.327 1 23.81
(m/s)
n/a
(ppm)
Temp.
(C) (m/s)
0.366 23.68 n/a
(ppm)
51P2 Seq#:
rime(S/F): 1 16:451 17:41
Temp. Ava.Vel. IrG Coc
(C)
0.357 23.77
(m/s) I (ppm)
n/a 0.381
6 22.70 <0.08 0.198 22.73 <0.08 0.463 22.49 <0.08 0.268 23.05 <0.08 0.309 22.86 <0.08 0.326 0
6 22.14 <0.08 0.136 22.24 <0.08 0.136 22.17 <0.08 0.084 22.32 <0.08 0.114 22.19 <0.08 0.198 0
6 21.76 <0.08 0.049 21.71 <0.08 0.068 21.82 <0.08 0.066 21.81 <0.08 0.067 21.79 <0.08 0.074 0
3 20.38 <0.08 0.026 20.48 <0.08 0.033 20.75 <0.08 0.040 20.48 <0.08 0.043 20.40 <0.08 0.043 0
8 19.06 <0.08 0.027 19.27 <0.08 0.043 19.95 <0.08 0.038 19.44 <0.08 0.045 19.30 <0.08 0.044 0
18.71 <0.08 0.021 18.63 <0.08 0.034 18.46 0.095 0.037 18.97 <0.08 0.048 18.75 <0.08 0.045 0
6 18.44 <0.08 0.027 18.36 0.080 0.037 18.25 0.150 0.039 18.46 0.080 0.037 18.49 <0.08 0.043 0
3 17.67 0.090 n/a 18.12 0.080 n/a 18.41 0.090 n/a 17.50 0.080 n/a 17.55 0.150 n/a 0
19.68 n/a n/a 20.44 n/a n/a 20.49 n/a n/a 19.51 n/a n/a 20.03 n/a n/a 0
15.571 n/a 0.031 15.33 n/a 1 0.040 1 15.44 nla 0.039 1 15.40 I n/a 1 0.040 15.28 I n/a 1 0.043
CP Seq#: 6 EP1 Seq#: 4 EP2 qSeq#: _. eq#: 8 WP2 Seq#:
Time(S/F): 15: : Time(S/F): 1:07 :3- Time(S/F): 1 :26 : Time(S/F): : : ime(S/F): :OT :
Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 23.56 n/a 0.340 23.73 n/a 0.384 23.71 n/a 0.341 23.76 n/a 0.366 23.82 n/a 0.334 Exhaust
0.56 22.61 <0.08 0.379 22.99 <0.08 0.386 22.85 <0.08 0.410 22.69 <0.08 0.451 22.72 <0.08 0.454 0.56
0.46 22.21 <0.08 0.124 22.19 <0.08 0.121 22.24 <0.08 0.103 22.21 <0.08 0.164 22.19 <0.08 0.149 0.46
0.36 21.78 <0.08 0.082 21.75 <0.08 0.070 21.78 <0.08 0.078 21.62 <0.08 0.062 21.77 <0.08 0.076 0.36
0.26 20.80 <0.08 0.043 20.45 <0.08 0.040 20.55 <0.08 0.042 20.33 <0.08 0.044 20.59 <0.08 0.049 0.26
0.18 20.09 <0.08 0.043 18.90 <0.08 0.041 19.42 <0.08 0.043 18.67 <0.08 0.044 18.94 <0.08 0.045 0.18
0.11 18.32 0.095 0.043 18.53 <0.08 0.040 18.38 0.090 0.044 18.48 <0.08 0.043 18.59 0.095 0.040 0.11
0.06 18.17 0.090 0.040 17.73 <0.08 0.042 17.69 <0.08 0.043 18.58 <0.08 0.041 18.45 0.120 0.039 0.06
0.03 17.86 0,100 n/a 17.32 0.090 n/a 17.21 0.140 n/a 18.73 0.080 n/a 18.59 0.100 n/a 0.03
0 20.44 n/a n/a 20.63 0.100 n/a 20.24 n/a n/a 20.18 n/a n/a 20.63 n/a n/a 0
Supply La w n/a ZT N 11 15.67 n/a 0.043 152 n/a 0.043 15.32 n/a 0411 5 n 0.042 Supply
MAIN DATA
z
ht. ratio
Exhaus
056
04
0.3
0.2
0.1
0.11
0.0
0.0
Suppl
Z
ht. ratio
Exhaust
.56
.46
.36
.26
.18
.11
.06
.03
upplyS
LWS
-4-
-
,
,ep g l n
'
14Zj 14:47 Time(S/F):
t
y
LWSWALL TEMPERATURES
Date: Jan. 22, 2000
Start Time: 14:00
End Time: 17:30
Title: Body Shop Simulation #2
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 23.5 23.9 24.1 23.6 22.8
2 22.9 23.3 23.3 22.9 21.8
3 21.3 21.9 21.6 20.8 20.8
4 20.4 21.1 21.2 20.4 19.7
5 . . .i.1.
MEASURED EAST WALL TEMPERATURES
1 2 3 4 5 6
S 22.3 22.8 22.8 22.7 22.6 22.5
2 22.4 22.5 22.5 22.5 22.2 22.1
3 21.7 21. I
4 19.8 20.41 20.7 20.6 20.5
5 113.8 EsI 19.91 2u.1 1 .8
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 22.4 23.3 24.0 23.8 23.3
2 22.2 23.1 23.4 23.2 22.7
3 21.2 21.5 22.2 22.0 21.6
4 19.5 20.2 21.7 21.9 20.8
1 2 3 4 5 6
22.7 22.8 23.1 23.1 22.7 23.32 22.2 22.4 22.4 22.2 22.1 22.1
3 21.5 21.5 21.9 21.7 -21.6. 21.3
4 20.4. 20.7 20.7 20.61 20.41 20.1
19.71 19.91 20.2 2 0.0 119.9 1d.
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 1 2 3_ 4_ 55 _
1 22.7 23.3 23.6 22.9 22.8
2 22.0 22.8 22.8 22.1 21. 8
3 21.3 21.4 21.3 21.1 20.8
4 20.6 20.7 20.8 20.6 19.7
19.gy 2U.41 2070 1 1 1W6
MEASURED EAST WALL TEMPERATURES ____
1 2 3 4 5 6
1 223 21.8 21.6 21.6 21.7 22.0
2 22.2 22.0 21.7 21.6 21.6 21.8
3 21.8 21.1 20.9 20.9 20.9 21.2
4 21.5 20.4 20.4 20.4 20.4 20.2
5 1-9 7 19.5 197 20 0 20- 19
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 1 5
1 22. 23.3 23.8 24.0 23.3
2 22.2 22.3 22.6 22.8 22.6
3 21.2 21.4 21.7 21.8 21.8
4 19.5 20.7 21.1 21.3 21.2
51 1 I-~U U3 
MEASURED WEST WALL TEMPERATURES
1 22. 22.8 23.1 23.1 22.7 2 3
2 19.7 19.7 19.7 19.5 19.5 19.0
3 20.1 19.8 19.7 19.6 19.7 19.6
4 19.7 19.5 19.3 19.2 19.2 19.1
L 51 1.9 18.91 1b.91 1- EF 1-8-6 1.
21.4 21.7 22.0 21.9
Date: Jan. 22, 2000
Start Time: 14:00
End Time: 17:30
Title: Body Shop Simulation #2
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
1 2 3 4 5 6
1 19.6 19.8 20.2 20.2 19.8 19.6
2 20.2 20.2 21.0 20.6 19.8
3 19.9 20.1 20.7 20.4 20.3 19.6
4 18.9 19.9 20.4 20.2 19.5 18.5
5 19.5 20.4 20.8 20.1 M 18.6
= <-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
MEASURED FLOOR TEMPERATURES (TC)
I A
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS Floor Temeratures
1 2
1 24.0 23.7
2 24.3 24.0
4 23.6 2.
022.0-22.5
SOUTH CEILING TEMPS 021.5-22.0
1 2 021.0-21.5
1 23.6 23.8 020.5-21.0
2 23.9 24.3
3 23.7 240 M 20.0-20.5
4 23.3 237 019.5-20.0
019.0-19.5
Notes: 018.5-19.0
Stagnation heights could not be established with smoke
Hallway was pressurized relative to 10-488. Two ped. doors to
hallway were blocked with tape.
FLOOR/CEILING TEMPERATURES LWS
WON 41 W
AIR VOLUME MEASUREMENTS
Date: Jan. 22, 2000
Start Time: 14:00
End Time: 17:30
Title: Body Shop Simulation #2
Anemometer #: 1
Supply Volume (via controls): 520 cfm
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.130 0.110 0.130 0.120 0.110
2 0.170 0.140 0.110 0.170 0.090
3 0.130 0.110 0.130 0.100 0.210
4 0.140 0.190 0.110 0.085 0.120
5 0.090 0.160 0.130 0.070 0.120
6 0.100 0.170 0.140 0.100 0.220
7 0.110 0.060 0.100 0.090 0.130
8 0.100 0.140 0.130 0.140 0.090
9 0.085 0.170 0.080 0.060 0.090
10 0.120 0.060 0.085 0.090 0.085
MEASURED DIFFUSER AIR VOLUME
cfm MA 3/hr
North Diffuser: 209.1 356.2
South Diffuser: 203.9 347.4
Total Room: 413.0 703.6
Room ACH: 3.41 ACH
IftA 2 ImA2
Volume/Unit Area: 1.21 22.26
LWS
NORTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.140 0.130 0.120 0.090 0.100
2 0.100 0.170 0.100 0.200 0.160
3 0.085 0.090 0.080 0.050 0.140
4 0.110 0.160 0.050 0.100 0.085
5 0.230 0.120 0.180 0.100 0.100
6 0.090 0.130 0.085 0.120 0.140
7 0.130 0.140 0.110 0.060 0.250
8 0.130 090 0 0 0.120
9 0.160 0.100 0.090 0.110 0.180
10- 0.085 0.100- 0.110 0.090 0.180
PRESSURIZATION (via smoke teSt)
Height (ft) POS. NEUTRAL NEG.
9 X
8 _X
7 _ _ X
6 _ _ X
4X X
4 X
2 X
2X
A Pole SP1
EXHO1
0.7
0.6
0.3
0.4
0 . - 4
0.2
0.1- 
- - - - -
15 17 1 9F(Cf 1  23 25
0 Pole WPI
4EXH 0
06.4
0.3
0.2
0.1
sUP
0u
15 17 1 (?1 23 25
4 EXH 13
0.7
0.6
0.4 4.
0.32
4 4
0.27_
0.4 .
0.1 -- - - -
02
15 17 1gU(Cf 1 23 25
EXH 4
0.7
0.6 - - - 4
0.4 .
0.3 .
0.2
0.1 4
15 17 1 9U (C? 1  23 2'
z
0.8 - oeC
I i EXH TO
I 4
0.4
0 4-
05 -7 1w----4-1 2---
4 XH 33
0.7 0.74 4
0.6 - 4 0.6 - - -
0.5 - - 0.5
0 . -4 -4 .
04.2-. 04.24
031 
- - 031
0 010f
5 15 17 1gr (Cf 1  23 25 15 17 19r (C? 1  23 25
A- Pole EP2 zPole EPI
4 4EXH 0
0.7
0.6
0.5
0.3
0.2j -- -
0.1 u
0 -
15 17 1 w (Cf 1 23 25
4 4 EXH O
10.74 4
0.6
0.5---------4- 4-
0.4--------
0.3
UP 4 4
0.
15 17 1wr (C?1 23 25
AIR TEMPERATURES LWS
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AIR TEMPERATURES
Pole SPI0.1-
0.5
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0
0.4
0.3
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1
0 0.2 0.4 E 0.6 0.8 1
0.5
0 0.2 0.4 ( 0.6 0.8 1
0.5
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0.1
0
6e
4 I
I I
I I
4 I I
I I
4 4 .4
~1~~~~
0.6
0.5
0.4
0.3
0.2
0.1
0
PO NP Pole NP2 - PAf e NP1
4 .
0 0.2 0.4 0 0.6 0.8 1
I
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
0.5
0.4
0.3
0.2
0.1
0
0 0.2 0.4 9 0.6 0.8 1
z0.6
0.5
0.4
0.3
0.2
0.1
0
0 0.2 0.4 0.6 0.8
Pole EPI
0.4 -
0.3-
0.2
0.1
0
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WALL TEMPERATURES LWS
1
-2
3
4
1 2 3 4 5
0 26.0-27.0
025.0-26.0
024.0-25.0
0123.0-24.0
022.0-23.0
*21.0-22.0
U20.0-21.0
M 19.0-20.0
2 026.0-27.0
025.0-26.0
024.0-25.0
E 23.0-24.0
3 22.0-23.0
M 21.0-22.0
*20.0-21.0
4 U19.0-20.0
1 2 3 4 5
Inner East Wall Temperatures
2
3
-4
*26.0-27.0
025.0-26.0
024.0-25.0
E23.0-24.0
E 22.0-23.0
M 21.0-22.0
020.0-21.0
* 19.0-20.0
5
5 6 1
1
2
3
026.0-27.0
025.0-26.0
024.0-25.0
0123.0-24.0
M22.0-23.0
*21.0-22.0
U 20.0-21.0
019.0-20.0
4
1
1
12 3 4 2 
3 4 5 6
1S2
3
-4
1 2 3 4
Inner East Wall Temneratures
5
126.0-27.0
025.0-26.0
024.0-25.0
0 23.0-24.0
022.0-23.0
M 21.0-22.0
U20.0-21.0
0 19.0-20.0
2 0E26.0-27.0
025.0-26.0
024.0-25.0
0123.0-24.0
3 22.0-23.0
M21.0-22.0
M 20.0-21.0
4 M19.0-20.0
5
1 2 3 4 5
1
026.0-27.0
0 25.0-26.0
024.0-25.0
0 23.0-24.0
0 22.0-23.0
M21.0-22.0
0 20.0-21.0
N 19.0-20.0
1
2
3
4
026.0-27.0
025.0-26.0
024.0-25.0
0323.0-24.0
1 22.0-23.0
021.0-22.0
N 20.0-21.0
N 19.0-20.0
2
-4
1 21 2 3 4 5 6 3 4 5 6
LWSWALL-AIR TEMPERATURE
1
COMFORT-RELATED TEMPERATURES
Floor ~nd Near Floor TPmpArnturA~
U £
U.
0 1 Distance fiom Supply Diffuser (m) 4
Temperature Gradient from Head to Foot
0.90
0.80
*Tfloor
*Tabovefloor
0.70
0.60
e
0.50
0.40
0.30
0.20
0 2 3
Distance from Supply Diffuser (m)
dThf(avg) seated
dThf(avg) standin(
avg.. T sup =
avg.. T exh =
near floor T =
avg. floor T =
15.43
23.74
17.90
19.91
1.41 sig =
2.63 sig =
C
C
C
C
* DThf (seat)
*DThf (stand)
2 3
Distance from Supply Diffuser (m)
24
23
22
go
4)
I19
Normalized Temperatures
LWS
18
171
I
U
U U
U
#Qfloor
*Qabovefloor
516
5.OC
4.50
4.00
3.50
3.00
2.00
1.50
1.00
0.50
0.00
4
0.7533
0.5418
U
.5
U U
U
* .1
U
U
4
15
5
-
0 1 4
Plume Air Flow1000
900 -
800
100-
,400$500-
'9400E
>300
200 ,
100 -
01
0 0.5
h(m) Z
Zmax = 1.37 0.21
Zmin = 1.10 0.17
Zmundt = 1.19 0.18
Volumetic Flow Rate of Wall Convection -- >
1 Room -ldlght (m) 2 2.5 3
h(m) Z
1.48 0.23
1.20 0.18
1.29 0.20
Skaret
-= 0.01 14(gATf /T) 0 4z 14B
Plume Flow Rates -- > Skistad
= k(g / CpT)P 1 /z 5 3
Mundt (1992)
- = 0.00238Q 4s-/ (0.004+.039y, +0.380y, 2 -0.062y, 3 )
y1 =2.86(y+yo)Qc s3/
PLUME FLOW
---- Max. Case
Min. Case
A Mundt
-- -Sys. Supply
- --- - - -- -
----------------
-- -- -- - ---
- --
-- - - -- - - -
LWS
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 4 5
1 -0.8 -06 -0.5 -0.7 0.0
2 -09 -05 -0.5 -0.8 0.0-
3 00 -05 -0.3 0.3 0.0
4 02 -04 -0.4 0.2 0.0
5 0.1 0.7 0.0 0.4 0.0
MEASURED EAST WALL dT
1 2 3 4 5 6
1 0.0 -1.0 -1.2 -1.1 -0.9 -0.5
2 -0.2 -0.5 -0.8 -0.9 -0.6 -0.3
3 0.4 -0.6 -1.1 -1.0 -0.8 -0.5
4 1.7 0.0 -0.3 -0.2 -0.1 0.5
5 0.9 1.1 -0.2 -0.1 0.2 0.71
NORTH WALL HEAT FLUX (Watts)
1 2 3 4 5
1 -2.9 -2.3 -1.9 -2.7 0.0
2 -4.1 -2.4 -2.4 -3.9 0,0
3 0.0 -2.4 -1.4 1.4 0.0
4 0.9 -1.8 -1.8 0.9 0.0
5 0.4 3.1 0.0 1.8 0.0
EAST WALL HEAT FLUX (Watts)
1__2  2 3 4 -5 6
1 0.0 -4.1 -5.0 -4.6 -3.7 -2.1
2 -1.0 -2.6 -4.2 -4.7 -3.1 -1.6
3 2.1 -3.1 -5.8 -5.2 -4.2 -2.6
4 8.3 0.0 -1.5 -1.0 -0.5 2.4
5 4.3 5.2 -1.0 -0.5 1.0 3.31
NORTH WALL HEAT FLUX: -21.6 W
SOUTH WALL HEAT FLUX: -8.8 W
EAST WALL HEAT FLUX: -35.3 W
WEST WALL HEAT FLUX: -173.1 W
MEASURED SOUTH WALL dT
1 2 3 4 5
1 0. 1 0.0 -0.2 0.2 0.0
2 0.0 -0.8 -0.8 -0.4 -0.1
3 0.0 -0.1 -0.5 -0.2 0.2
4 0.0 0.5 -0.6 -0.6 0.4
5 0.0 0.9 0.0 0.2 0.2
MEASURED WEST WALL dT
1 2 3 4 5 6
1 0.0 0.0 0. 0 .0 0.0 00
2 -2.5 -2.7 -2.7 -2.7 -2.6 -3.1
3 -1.4 -1.7 -2.2 -2.1 -1.9 -1.7
4 -0.7 -1.2 -1.4 -1.4 -1.2 -1.0
5 -0.8 -1.0 -1.3 -1.3 -1.3 -0.7
SOUTH WALL HEAT FLUX (Watts) 4 
_
1 0.01 0.0 -0.8 0.8 0.0
2 -0.0 -3.9 -3.9 -1.9 -0.5
3 0.0 -0.5 -2.4 -1.0 0.9
4 0',0 2.3 -2.7 -2.7 1.7
1 51 G.0 4.01 0.0' 0.9 0.81
WEST WALLHEAT FLUX (Watts)
1 0.0 0.0 0.0 0.0 0.0 0.0
2 -13.1 -14.1 -14.1 -14.1 -13.6 -16.2
3 -8.7 -5.0 -6.4 -6.1 -5.6 -10.5
4 -4.0 -3.3 -3.8 -3.8 -3.3 -5.8
5 -4.5 -2.7 -3.5 -3.5 -3.5 -4.0
<$|6 ------ Indicates that no outer surface temperature could be
measured at that point
-238.9 W (+ value indicates net energy entering room)
LWS
+
TOTAL WALL HEAT FLUX:
CONVECTIVE HEAT TRANSFER TO SPACE
P = 1.225 kg/mA3
c, = 1010 J/kg/K
T.= 288.43 K
T.= 293.5 K
h= 1.45 W/mA2K
1.38
Qo =hs Ts -T,
North Wall Ts = 21
A= 19
South Wall Ts = 21
A= 19
.5 C
.1 mA2
.7 C
.1 m^2
East Wall Ts = 21.3 C
A = 25.3 mA2
West Wall Ts = 21.4 C
A = 25.3 mA2
Floor s = 19.9 C
A = 25.3 mA2
Q = 30.0 W
Q = 35.7 W
Q = 29.4 W
Q = 35.4 W
Q = 164.1 W
Q = 294.6 W
RADIANT HEAT TRANSFER TO FLOOR
, =2
8 2 =
F NS .F =
FEW .F =
F CF =
07 =
A floor=
Qrad,12 =hAIF12 (TI -T2)
h, = 4o- 1 2T 31I
1
0.27
0.25
0.29
5.67E-08
19.91 C
31.6 mA2
Tw = 21.47 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Loads to Floor
Ts = 21.5 C
A = 19.1 mA2
s = 21.7 C
A = 19.1 mA2
s = 21.3 C
A = 25.3 mA2
s = 21.4 C
A = 25.3 mA2
Ts = 23.8 C
A = 31.6 mA2
s = 34.5 C
A = 3.6 mA2
T = 20.723 C
h = 5.8 W/mA2K
T = 20.827 C
h = 5.8 W/mA2K
T = 20.583 C
h = 5.7 W/mA2K
20.665 C
5.8 W/mA2K
T = 21.863 C
h = 5.8 W/mA2K
T = 27.203 C
h = 6.1 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Q = 48.4 W
Q = 54.7 W
Q = 49.2 W
Q = 55.1 W
Q = 208.6 W
Q = 96.8 W
Q = 415.9 W
Q = 710.5 W
WALL TEMPERATURE
Total Conv.
207.4
-- mmommp Napo "N"1480
LWS

Date: Nov. 14,1999
Start Time: 13:20
End Time: 17:45
Title: Body Shop Simulation #1
Description: Industrial Welding Simulation
Contaminants = Hot Plate
CONTROLLED LOADS
I.D. Description X Y Z Watts Surf. T dTair (C)
LF Long Fluorsecent Fixtures (on layout) 732 n/a n/a
PSN Person Simulator (North) 1.20 -1.00 1.00 91 30.0 n/a
PSS Person Simulator (South) -1.20 1.00 1.00 94 30.3 n/a
CPN Control Panel (North) 1.96 -0.81 1.00 385 37.5 n/a
CPS Control Panel (South) -1.96 0.81 1.00 391 38.3 n/a
PC PC Simulator 1.96 1.00 1.14 171 42.3 n/a
HP Hot Plate 0.00 0.00 0.90 993 n/a n/a
Temperature 14C 580.2 (mA3/hr) n/a (m^3/hr)
Wind Speed 5 M/s Air Exchange Rate 2.81 ach
NP1 Seq#: I NP2 Seq#: 2 NP3 Seq#: 3 SP Seq# 10 SP2 Seq#: .
Time(S/F): 13:2 14:04 Time(S/F): 14:06 14:1 Time(S/F): 14:33 : Time(S/F): 17:24 745 Time(S/F): 17.00 17:
Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. G Conc Z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 25.07 n/a 0.519 25.03 n/a 0.456 25.08 n/a 0.595 25.15 n/a 0.511 25.11 n/a 0.552 Exhaust
0.56 24.39 <0.08 0.258 24.47 <0.08 0.392 25.02 <0.08 0.444 24.70 <0.08 0.360 24.33 0.090 0.297 0.56
0.46 24.32 <0.08 0.115 24.20 <0.08 0.401 24.51 <0.08 0.421 24.46 <0.08 0.296 24.31 <0.08 0.426 0.46
0.36 24.05 <0.08 0.118 23.89 <0.08 0.278 24.42 <0.08 0.321 24.17 <0.08 0.323 24.15 <0.08 0.365 0.36
026 23.10 <0 0.039 22.66 <008 0.083 23.82 008 0 092 23.16 <0/08 0.127 22.90 <0/08 0.135 0 26
0.18 21.51 <0.08 0.014 21.58 <0.08 0.015 21.97 0.110 0.019 21.64 <0.08 0.021 21.53 <0.08 0.028 0.18
0.11 20.64 <0.08 0.013 20.91 <0.08 0.012 20.81 0.100 0.014 20.57 <0.08 0.022 20.87 <0.08 0.021 0.11
0.06 20.10 <0.08 0.015 19.64 <0.08 0.013 20.15 0.120 0.018 20.10 0.080 0.019 19.70 0.120 0.016 0.06
0.03 19.27 0.080 n/a 19.00 0.100 n/a 20.0 0.095 n/a 18.85 0.080 n/a 19.24 0.100 n/a 0.03
0 22.18 n/a n/a 22.59 n/a n/a 23.08 n/a n/a 21.92 n/a n/a 22.84 n/a n/a 0
Supply 1.3 na .10 1. n/a .11 1.3.0 .6 n/a 0.1 . na . Supply
CPD Seq#: b EP1 Seq#: 4 EP2 Seq#: 5 WP1 Seq#: 8 WP2 Seq#: 7
Time(S/F): :7 --7f: Time(S/F): 1:5 : Time(S/F): 1:2 :4 Time(S/F): 1:3 1:5 Time(S/F): 1:10
z Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. TG Conc. Temp. Avg.Vel. rG Conc z
ht. ratio (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) (C) (m/s) (ppm) ht. ratio
Exhaust 25.12 n/a 0.559 24.99 n/a 0.614 25.12 n/a 0.546 25.09 n/a 0.500 25.12 n/a 0 510 Exhiaust
0.56 24.74 <0.08 0.394 24.70 <0.08 0.549 24.70 <0.08 0.498 24.92 <0.08 0.233 24.72 <0.08 0.324 0.56
0.46 24.59 <0.08 0.421 24.31 <0.08 0.521 24.45 <0.08 0.371 24.58 <0.08 0.217 24.59 <0.08 0.319 0.46
0.36 24.38 <0.08 0.357 23.98 <0.08 0.324 24.01 <0.08 0.199 24.11 0.080 0.226 23.97 <0.08 0.316 0.36
0.26 23.34 <0.08 0.174 23.16 <0.08 0.155 23.51 <0.08 0.074 23.08 0.090 0.115 23.12 0.080 0.122 0.26
0.18 22.62 <0.08 0.023 21.36 <0.08 0.015 21.56 <0.08 0.011 20.84 <0.08 0.023 21.67 <0.08 0.017 0.18
0.11 20.21 0.090 0.018 20.14 <0.08 0.013 19.91 0.110 0.015 20.31 0.950 0.022 20.36 0.095 0.011 0.11
0.06 19.86 0.090 0.022 19.63 <0.08 0.013 19.63 0.110 0.012 20.26 0.950 0.017 20.33 0.110 0.012 0.06
0.03 19.76 0.100 n/a 18.82 0.950 n/a 19.20 0.150 n/a 20.48 0.950 n/a 20.48 0.110 n/a 0.03
01 23.02 --n/a n/a 22.49 1n/a n/a L22.66 n/a n/a 23.11 n/a n/a 23.34 n/a n/a 0
LSupplyl 16.30 1n a 0.10 116.32 1n/a 0,11 1 . ra O.G 1.6 n/a~ n/a Supply
MAIN DATA HWS
WALL TEMPERATURES
Date: Nov. 14,1999
Start Time: 13:20
End Time: 17:45
Title: Body Shop Simulation #1
INSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
1 2 3 4 5
1 26.4 26.4 26.4 25.8 25.3
2 26.0 26.1 26.1 25.5 24.71
3 25.3 25.9 25.9 25.4 23.4
4 23.2 24.0 24.8 24.5 22.2
51 21.9122.21 22.u 1 21.2 20_ a
1 2 3 4 5 6
1 25.2 25.3 25.5 25.5 25.1 24.9
2 25.0 25.2 25.4 25.2 24.9 24.6
3 24.6 25.1 25.3 25.4 24.7 24.4
4 23.1 23.5 23.5 23.9 23.2 23.0
5 21.5 21.1 21.2 22.3 22.11 21.b
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
1 24.8 25.6 26.4 26.4 26.4
2 24.4 25.2 26.0 26.1 25.9
3 23.9 24.8 25.6 255 253
41 22.51 22.71 24.5 24.4 23.5
51 12 24 22.b6 23.31 22.4
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
26.2 26.2 26.4 26.7 265 26.5
2 25.6 25.7 26.2 26.3 26 2 26. 0
3 25.2 25.1 25.7 26.0 25.8 25.2
4 23.7 24.3 24.8 24.5 24.4 23.7
51 22. 72 1 5 23.b 1 1 2131 227
OUTSIDE WALL SURFACE
MEASURED NORTH WALL TEMPERATURES
__ 
1 2 3 4 5
24.9 24.6 24.7 23.9 253
2 242 24.0 23.8 23.2 24.7
3 23.1 23.0 23.0 22.6 23.4
4 22.2 22.4 22.5 22.1 22.2
5] 2V. 2.1 2.11 2.1 2u84
MEASURED SOUTH WALL TEMPERATURES
1 2 3 4 5
24.8 24.4 24.8 24.7 24.8
2 2414 23.9 24.2 24.3 24.2
3 9239 23.3 23.5 23.5 23.5
4 22.5 22.4 22.8 22.9 229
51 Z..Z 21.1 2U.9 21.41 2T1
MEASURED WEST WALL TEMPERATURES
1 2 3 4 5 6
1i 26 26.2 26.4 267 26 5 26.5
2 25.7 25.6 25.6 256 255 25.8
3 25.2 24.9 250 25.2 25.2 25.2
4 24.5 24.3 24.4 24.2 24.2 24.5
5 23.9 2 2 35 23.t6 24.U
HWS
MEASURED EAST WALL TEMPERATRS
1 2 3 4 5 6
23.5 23.3 23.323 23.1 23.3 
23.3 23.2 23.1 23.0 23.0 23.2
3 22.9 22.9 22.8 22.6 22.4 8
4 22.2 22.2 21.5 21.5 21.5 21.71
5j 21.21 21.41 2U.7t 21.Ul 2U.91 21.11
A 00-0101q"004 N!Mft-'Wm Som i ep OY #W#%
Date: Nov. 14,1999
Start Time: 13:20
End Time: 17:45
Title: Body Shop Simulation #1
FLOOR TEMPERATURES (C)
MEASURED FLOOR TEMPERATURES (IR)
__ __ 2 - -3-- - 4 
__ 5____ 6
1 22.7 22.9 23.2 23.1 22.8 22.4
2 22.4 22.7 23.1 23.1 22.1
3 21.9 22.5 23.0 23.0 22.8 22.1
4 20.7 21.7 22.5 22.6 21.7 21.4
5 20.7 21.7 22.0 21.4 21.4 20.51
O =<-- Denotes temperature taken in a shadow
<-- Denotes temperature taken within 8 inches of a person simulator
SUSPENDED CEILING TEMPERATURES (C)
NORTH CEILING TEMPS
1 2
1 26.4 26.8
2 26.4 26.7
3 26.4 26.5
4 25.8 25.9
SOUTH CEILING TEMPS
_ _ _ 1 2
1 27.0 268
2 26.9 9
3 26.6 26.8
4 26.2 264
Notes:
Hallway was neutral relative to 10-488.
10-485 was slightly negative relative to 10-488.
FLOOR/CEILING TE
IMEASURED FLOOR TEMPERATURES (TC)
1 2 3- 4 5 6
1 22.27
2 22.44
3 20.7 21.55 22.03 22.19 21.70 21.07
4 21.74
5 fj 21.25 /
Floor Temperatures
1323.0-23.5
E122.5-23.0
022.0-22.5
[321.5-22.0
[321.0-21.5
*20.5-21.0
020.0-20.5
P19.5-20.0
E 19.0-19.5
MPERATURES HWS
Date: Nov. 14,1999
Start Time: 13:20
End Time: 17:45
Title: Body Shop Simulation #1
AIR VOLUME MEASUREMENTS
Anemometer #: 1
Supply Volume (via controls): 520 cfm
NORTH DIFFUSER VELOCITIES (mis)
1 2 3 4 5
1 0.157 0.108 0.116 .074 0.096
2 0.082 0.177 0.086 0.157 0.104
3 0.060 0.125 0.085 0.060 0.100
4 0.096 0.119 0.055 0.084 0.082
5 0.197 0.088 0.137 0.089 0.078
6 0.100 0.122 0.086 0.137 0.122
7 0.141 0.104 0.092 0.065 0.125
8 0.087 0.090 0.094 0.157 0.102
9 0.090 0.098 0.081 0.104 0.081
10 0.088 0.113 0.108 0.104 0.1101
PRESSURIZATION (via smoke test)
Height (ft) POS. NEUTRAL NEG.
9 X
8 X
7 X
6 X
5 x
4 X
3 X
2 x
1 x
SOUTH DIFFUSER VELOCITIES (m/s)
1 2 3 4 5
1 0.096 0.084 0.081 0.077 0.083
2 0.133 0.104 0.082 0.084 0.094
3 0.080 0.113 0.174 0.071 0.083
4 0.088 0.119 0.081 0.070 0.088
5 0.076 0.092 0.086 0.080 0.090
6 0.082 0.080 0.119 0.084 0.094
7 0.084 0.070 0.083 0.088 0.110
8 0.100 0.116 0.088 0.153 0.106
9 0.077 0.169 0.089 0.072 0.082
10 0.085 0.078 0.085 0.080 0.092
MEASURED DIFFUSER AIR VOLUME
cfm mA3/hr
North Diffuser: 179.6 305.9
South Diffuser: 161.0 274.3
Total Room: 340.6 580.2
Room ACH: 2.81 ACH
/ftA2 /mA2
Volume/Unit Area: 1.00 18.36
HWS
o7e PorqWW aI
4 EXI-.;
0..4
075
4.4
0.6
0.24
0.51
0
15 17 14r( 3 2
0.7
0.6
0.5
0.4-
0.3
0.2
0.1
0
EXH
SUPi
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WALL TEMPERATURES
atureS- 1
2
3
1 2 3 4 5
nner Eat Wall Teiperatures
/
'3 4 5
026.0-27.0
025.0-26.0
0 24.0-25.0
023.0-24.0
022.0-23.0
*21.0-22.0
E20.0-21.0
N 19.0-20.0
S..--...I n5
1 2 3 4 5
2
026.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
E22.0-23.0
E21.0-22.0
4 20.0-21.0
0 19.0-20.0
5
6 1 2 3 4
HWS
-4
026.0-27.0
025.0-26.0
024.0-25.0
023.0-24.0
M22.0-23.0
M21.0-22.0
020.0-21.0
E 19.0-20.0
1
2
3
4
026.0-27.0
0 25.0-26.0
024.0-25.0
E23.0-24.0
M22.0-23.0
*21.0-22.0
M20.0-21.0
M19.0-20.0
I 1mm- 5
5 6
1
1I 2
NORTH WALL (N P1)
Wall Air
26.4 24.39
24.32
26.1
24.05
25.9
23.1
24.8 21.51
20.64
22 20.1
25.0 22.59
EAST WALL (EP1)
Wall Air
25.5 24.7
24.31
25.2
23.98
25.4
23.16
23.9 21.36
20.14
22.3 19.63
24.5 22.47
27-
26 -
25
24
j -22
21
20
19
18
Wall-Air Temperatures
- --- - - - - -- - - -- 
-
- - - # - -- - - - - - -- - - - - - - - -
- --- --- -- -a -- - -
- ----- ---- -- Wall
-5-Air
dT=2.41 C
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.
27
26
25
24
22
21
20
19 -
18
0.2 Z 0.4
SOUTH WALL (SP1)
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.0.6
-* - -
- -
-- --- W all
-- - -- --- - - - - - - - - A-- 
--- - -- - ----- * - - --
----------- U-Air
- 0- - d T = .-3
dT=2.03C
Wall A
26.4
26
25.6
24.5
22.6
25.0
WEST WALL (WP1)
Wall A
26.4
26.2
25.7
24.8
23.5
25.3
ir
27
24.7 26
24.46 25
24
24.17
2-
23.16 21-
21.64 20-
20.57 29
20.1
22.69 10
0.56
0.46
0.43
0.36
0.3
0.26
0.18
0.11
0.06
Avg.0.2 Z 0.4 0.6
ir 27
24.92 26
24.58 25
24
24.11 7
23.08 21
20.84 20
20.31 19
20.26 18
22.59
Wall-Air Temperatures
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dT=2.31 C
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- Wall-Air Temperatures
0 0.2 Z 0.4 0
6
.6
WALL-AIR TEMPERATURES
0
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0.46
0.43
0.36
0.3
0.26
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0.11
0.06
Avg. 0
-------- Wal
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-- --- -- --- -
SdT=2.71 C
HWS
COMFORT-RELATED TEMPERATURES
Floor and Near Floor Temperatures24
23
22
18
17
0 12 3 4 5
Distance from Supply Diffuser (m)
Temperature Gradient from Head to Foot
-* -------------
U K..
- --- - -- - -- - --- -- -
--- - - - -- - - - -- - -
- -
K---
0 1 2 3 4
Distance from Supply Diffuser (m)
0.90 Normalized Temperatures
0.80 -: ~
* U
U
U
* EU
* U
0 1 2 3 4 5
0.70
0.60
0.50
0.40
0.30 1
0.20
0 0.5 1 1.5 2 2.5 3Distance from Supply Diffuser (m)
avg.. T sup =
avg.. T exh =
near floor T =
avg. floor T =
*Qfloor
*Qabovefloor
3.5 4 4.5
16.31 C
25.09 C
19.52 C
22.21 C
*DThf (seat)
* DThf (stand)
5
HWS
* Tfloor
* Tabovefloor
1a
50
4.50
4.00
3.50
3.00
f5 02.0
1.50
1.00
0.50
0.00
* a
g E U
Plume Air Flow Model
- Max. Case
M Min I'ase
1400
1200 1
0.5
h(m) Z
Zmax = 1.17 0.18
Zmin = 0.92 0.14
Zmundt = 1.00 0.15
Volumetic Flow Rate of Wall Convection -->
h(m)
1.43
1.18
1.27
1.5
1.5
Room Height (m)
z
0.22
0.18
0.19
2 2.5 3
Skaret
= 0.01 14(gATf IT)0 4 z14B
Plume Flow Rates -- > Skistad
= k(g / CppT)P z 3
Mundt (1992)
- = 0.00238Q 3 /4 s- (0.004 +.039y, + 0.380y, 2 -0.062y,)
Y = 2.86(y + yo)Qc-114 s3/8
PLUME FLOW
AMundt
" Sys. Supply
- -- Walls
- ------------ ------------------ - - -- - - -- - - -- -
- ------ ---- - -- ----- - - - -- -- -
- ------- 
-- ------ -
- --- - - --~ - - - -
- - - - -- - - - --
U
1000
*J
800
0
600
E
> 400
200
01
0
I
1
HWS
WALL TEMPERATURES
WALL TEMPERATURE DIFFERENTIAL (OUT - IN)
MEASURED NORTH WALL dT
1 2 3 4 5
1 -1.5 -1.8 -1.7 -1.9 0.0
2 -1.8 -2.1 -2.3 -2.3 0.0
3 -2.2 -2.9 -2.9 -2.8 0.0
4 -1.0 -1.6 -2.3 -2.4 0.0
5 -0.4 -1.1 -0.9 -0.1 0.0
MEASURED EAST WALL dT
1 2 3 4 5 6
1 -1.7 -2.0 -2.2 -2.2 -2.0 -1.6
2 -1.7 -2.0 -2.3 -2.2 -1.9 -1.4
3 -1.7 -2.2 -2.5 -2.8 -2.3 -1.6
4 -0.9 -1.3 -2.0 -2.4 -1.7 -1.3
5 -0.3 -0.4 -0.5 -1.3 -1.2 -0.51
NORTH WALL HEAT FLUX (Watts)
1 -5.4 -6.9 -6.5 -7.3 0.0
2 -8.2 -10.1 -11.1 -11.1 0.0
3 -10.0 -14.0 -14.0 -13.5 0.0
4 -4.3 -7.3 -10.4 -10.9 0.0
5 -1.7 -4.9 -4.0 -0.4 0 0
EAST WALL HEAT FLUX (Watts)
1 2 3 4 5 6
1 -7.0 -8.3 -91 -9.1 -8.3 -6.6
2j -8.9 -10.5 -12.0 -11.5 -9.9 -7.31
3 -8.9 -11.5 -131 -14.6 -12.0 -8.4
4J -4.4 -64 -98 -11.7 -8.3 -6.4
5 1 .9 -2.4 -6.2 -5.7 -2.41
NORTH WALL HEAT
SOUTH WALL HEAT
EAST WALL HEAT
FLUX:
FLUX:
FLUX:
+ WEST WALL HEAT FLUX:
TOTAL WALL HEAT FLUX:
-162.1
-135.2
-244.0
5.3
W I <------
W
W
W
MEASURED SOUTH WALL dT
1 2 3 4 5
1 0.0 -1.2 -1.6 -1.7 -1.6
2 0.0 -1.3 -1.8 -1.8 -1.7
3 0,0 -1.5 -2.1 -2.0 -1.8
4 0,0 -0.3 -1.7 -1.5 -0.6
5 0.0 -1.31 -1.7 -1.9 -1.3
MEASURED WEST WALL dT
1 2 3 4 5 6
1 0.0 0.0 0.0 0.0 0.0 0.0
2 0.1 -0.1 -0.6 -0.7 -0.7 -0.2
3 0.0 -0.2 -0.7 -0.8 -0.6 0.0
4 0.8 0.0 -0.4 -0.3 -0.2 0.8
5 1.1 0.4 0.1 0.2 0.5 1.3
SOUTH WALL HE - .LUX (7)
1 0.0 -4.6 -6.2 -6.5 -5.8
2 0,0 -6.3 -8.7 -8.7 -7.7
3 0,0 -7.2 -10.1 -9.7 -8.2
4 0.0 -1.4 -7.7 -6.8 -2.6
1 51 0,01 -5.81 -7.51 -8.41 -5.4
IWEST WALL HEAT FLUX (Watts)
I I i 1 9 -
0.5 -0.5 -3.1 -3.71 -3.7 -1.0
0.0 -0.6 -2.0 -2.3 -1.8 0.0
4.6 0.0 -1.1 -0.8 -0.5 4.6
6.2 1.1 0.3 0.5 1.3 7.3
Indicates that no outer surface temperature could be
measured at that point
-535.9 W (+ value indicates net energy entering room)
HWS
I
CONVECTIVE HEAT TRANSFER TO SPACE
= 1.225 kg/mA3
= 1010 J/kg/K
= 289.31 K
= 295.6 K
= 1.45 W/mA2K
1.38
p
C p
North Wall Ts
A=
South Wall Ts
A =
East Wall s=
A =
West Wall s =
A=
Floor s =
A =
24.5 C
19.1 mA2
24.5 C
19.1 mA2
24.1 C
25.3 mA2
25.0 C
25.3 mA2
22.2 C
25.3 mA2 Total Conv.
h, = 4-& 2T3
RADIANT HEAT TRANSFER TO FLOOR
Q = 465.6 W
2 =
62 =
1
1I
FNS F 0.27
FEW F = 0.25
F CF = 0.29
U = 5.67E-08
Tflor = 22.21 C
A f = 31.6 mA2
Tw = 24.52 C
North Wall to Floor
South Wall to Floor
East Wall to Floor
West Wall to Floor
Ceiling to Floor
Loads to Floor
24.5 C
19.1 mA2
24.5 C
19.1 mA2
s = 24.1 C
A= 25.3 mA2
Ts = 25.0 C
A = 25.3 mA2
Ts = 26.5 C
A = 31.6 mA2
Ts = 34.8 C
A= 7.2 mA2
T = 23.331 C
h = 5.9 W/mA2K
T = 23.339 C
h = 5.9 W/mA2K
T = 23.137 C
h = 5.9 W/mA2K
T = 23.627 C
h = 5.9 W/mA2K
T = 24.369 C
h = 6.0 W/mA2K
T = 28.503 C
h = 6.2 W/mA2K
Total Radiant
Total Wall/Ceiling Load
Q = 68.5 W
Q = 69.0 W
Q = 69.3 W
Q = 106.4 W
Q = 236.5 W
Q = 169.2 W
Q = 549.7 W
Q = 1015 W
WALL TEMPERATURES
Q = 51.9 W
Q = 52.3 W
Q = 54.5 W
Q = 90.4 W
Q = 216.5 W
313.2
Qov=hs (s -T
gra,1l2 = h,.A F1 (T - T2)
HWS
